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Abstract
Sexual reproduction generates genetic diversity that can help hosts respond to selection by parasites, and
in this thesis, I test three predictions on how reproduction impacts predictions by the parasite theory of
sex and the Red Queen hypothesis. In Chapter one, using a meta-analysis, I found that asexuals (lower
genetic diversity) have more parasites than sexuals (higher genetic diversity), but this difference can be
heavily mediated by the mode and origin of asexuality. Further, hybridization but not polyploidy can
blunt predicted differences in parasite loads among sexual and asexual hosts. In Chapter two, I flip the
perspective of Red Queen predictions to examine the maintenance of sex in parasite species using an
arrhenotokous spider mite. Using data on fecundity, mortality, and sex ratio differences on benign and
toxic host plants, I show that female spider mites may alter sex ratios to compensate for high male
mortality on toxic host plants—thus assuring genetic recombination despite high male mortality. Finally,
Chapter three uses meta-analysis to synthesizes parasite loads on hybrid hosts to further explore how this
mechanism impacts parasite-mediated selection on hosts. Although increased heterozygosity among
hybrids is predicted to blunt parasitism, I found that F1 hybrids had greater parasite loads than their
parental species; however, this finding was generalizable only among interspecific crosses and not
intraspecific hybrid networks. In whole, my thesis indicates that predictions of the Red Queen hypothesis
tend to be too narrow, and that theory needs to encompass a greater diversity of genetic systems to better
predict parasite loads on hosts and thus opportunities for parasite-mediated selection.

vi

Introduction
Maynard Smith (1971) argued that asexual lineages have an advantage over sexual lineages since each
individual can generate offspring and that sexual lineages can only reproduce at half the rate due to nonoffspring producing males. Williams (1975) and Lloyd (1980) further argued additional benefits of
asexuality due to avoiding costs associated with meiosis and genetic recombination. Here, asexual
females have a two-fold advantage because the entirety of their genome is transmitted to offspring; sexual
females, however, only transfer half of their genome due to meiosis. Meiosis can also result in the
disintegration of well-adapted genotypes (Williams 1975). Similarly, genetic recombination, although
important in terms of producing genetically diverse offspring, can also disintegrate well-adapted
genotypes, and again would be disadvantageous in scenarios where sexuals compete with asexuals that
can continuously replicate ideal genotypes (Lloyd 1980). Finally, another advantage of asexuality is that it
avoids costs associated with mating and sexual selection (Daly, 1978).
Although many theoretical models predict that asexuals will greatly outcompete sexuals—
eventually leading to their extinction (Lively et al., 1994)—the broad diversity of sexual taxa and the
continued maintenance of sex among these groups implicate strong counterbalancing ecological and
evolutionary processes that moderate the predicted advantages of asexuality. Perhaps the most well
studied are mediating effects of parasites on host populations (Jaenike, 1978). Here, I follow the Price
(1980) definition of parasitism which states that parasites are organisms that have an intimate relationship
with and cause adverse impacts on another organism. This broad definition encompasses a diversity of
parasitic taxa including viruses, bacteria, helminths, mites, fungi, and some plants. Herbivorous insects
can also be included as parasites under this definition – many live on their host plants, feeding on them
for an extended period of time, causing damage to the plant (Atsatt 1977; Price 1980; Fritz et al. 1999)
Relative to host taxa, parasites have rapid generation times, and can adapt to their environment at much
1

quicker rates (Hamilton et al., 1990). A consequence of this rapid evolution is that parasites adapt to
common host genotypes (Lively and Howard, 1994). However, sexual hosts have an advantage to this
focused parasite evolution, since they can generate many different genotypes as well as rare genotypes
that can potentially escape the targeted selection by parasites (Hamilton et al., 1990). This parasite
evolution also significantly handicaps asexual hosts, since they are limited in mechanisms for generating
genetic diversity. A predicted effect of parasites continuously targeting common genotypes, is that they
have negative effects on their frequency, which in turn, will have positive effects on the frequency of rare
(untargeted) host genotypes. Ultimately, this process leads to time-lagged frequency-dependent selection
on hosts by parasites (Lively and Howard, 1994). Many studies (see Salathe et al., 2008), including early
work by Levin (1975), found that populations where there is high parasitism, sexual reproduction among
host species is more frequent than asexual reproduction. Also, as seen in studies of the freshwater snail
Potamopyrgus antipodarum, it has been observed that that there is a decrease in both the frequency of
sexual reproduction and parasitism as lake depth increases (Jokela and Lively 1995). And finally, this has
also been observed in a Psychid moth system: sexual moths were more prevalent in area with high
parasite abundance while asexuals were found in areas with less parasitism (Kumpulainen et al. 2004).
The early works by Maynard Smith (1971, 1976) on the advantages of asexual reproduction
(also described as the two-fold cost to sex), and Hamilton’s work on parasite-mediated effects on host
populations (1990), form the basis of the Red Queen hypothesis—which predicts that sexual reproduction
evolves and is maintained because genetically variable offspring offers advantages against rapidly
evolving parasites. However, some processes such as epigenetic mechanisms may result in increases in
diversity within asexual populations – such as when there are targeted environmental responses or due to
untargeted random modifications (Verhoeven and Preite 2013). Particularly, some studies have
demonstrated that epigenetic processes (i.e. DNA methylation) can result in changes to host resistance as
a response to coevolution with their parasites (Vilcinskas 2016). In the plant species Arabidopsis
thaliana, there was an increase in the frequency of DNA methylation due to the stress associated with
infection by the pathogen Pseudomonas syringae (Dowen et al. 2012). Epigenetics provides additional
2

methods in which asexuals (particularly apomitics) may respond to environmental pressures (such as
parasitism) quicker than only relying on slow stochastic mutations (Verhoeven and Preite 2013).

My thesis aims to address three challenges with the predictive power of the Red Queen
hypothesis in terms of explaining the evolution of sex via parasite–host interactions. One key empirical
prediction of the Red Queen hypothesis is that asexual hosts will be more parasitized than sexual hosts
(Hamilton, 1980; Hamilton et al., 1990); however, support of this prediction is not always consistent
(Lively, 1987; Hanley et al. 1995; Miermans et al., 2006; Tobler and Schlupp, 2005). In his studies of P.
antipodarum, Lively (1987) has consistently found greater trematode infections on asexual hosts. Bark
beetle species have no difference in nematode infection between sexuals and asexuals (Miermans et al.
2006) while sexual geckos have greater prevalence, abundance, and intensity of mite infections than their
asexual counterparts (Hanley et al. 1995). Chapter one aims to synthesize all Red Queen studies with
meta-analysis and test this predicted asymmetry in parasitism. Additionally, this chapter will explore
whether the broad diversity of different modes of reproduction among asexual species (e.g., apomixis,
automixis, hybridogenesis, arrhenotoky, self-fertilization) can explain variation in observed parasitism
loads among hosts due to differences in genetic diversity that arise. Chapter two flips the perspective of
the Red Queen and aims to explore the advantages/disadvantages of sexual and asexual reproduction in
parasite species rather than in host species—these also impact the predicted strength of parasite-mediated
selection. Here, the fecundity, survivorship, and sex-ratio (which indicate variability in asexual and sexual
reproduction, as well as long-term population growth) of an arrhenotokous plant pest will be tested among
a diversity of benign and challenging host plants. The prediction here is that more (asexually generated)
males will be produced when environmental conditions are difficult. Finally, Chapter three aims to
explore how hybrid hosts can offer a unique insight into the Red Queen hypothesis. Theory predicts that
parasite-mediated selection targets genetic diversity in hosts (Hamilton, 1980; Hamilton et al., 1990), but
given that hybrids have genomes that are a combination of two species, they are theoretically predicted to
be more genetically diverse than their parents. However, the genetic architecture of hybrids is incredibly
3

variable (Fritz et al., 2003), and may result in hybrids that are more susceptible to parasitism than their
parents. Here, I conducted a meta-analysis of parasite loads, as well as herbivory, on hybrids and their
parental taxa, to reach a consensus of overall patterns of infection among hybrids, different degrees of
hybridization (e.g., introgressed, multi-cross hybrids), and scales of hybridization among interspecific and
intraspecific taxa. These three chapters aim to provide key insights into host-parasite coevolution, how
genetic diversity of hosts impact parasite-mediated selection and offer fundamental explanations on why
asexuality persists despite the strong comparative advantages of sex.

4

Chapter One:
Not all asexuals are open targets to parasites

Introduction
Maynard Smith (1971, 1978) predicted that asexuals should replace sexuals due to their per-capita
advantage in reproduction. A caveat with this prediction, and a key assumption for the two-fold advantage
to hold, is that there are no differences between asexuals and sexuals beyond this per-capita advantage
(Maynard Smith 1978). However, several factors can violate this so-called “all-else-equal” assumption
(Lively and Howard 1994; Gibson et al. 2017). Perhaps the most-well studied is the moderating influence
of parasites (Hamilton 1975). Parasites undergo strong selection to infect common host genotypes (Lively
and Morran 2014), and according to the parasite theory of sex, asexuals and their genetically uniform
offspring should be easy targets and experience greater infections than sexuals (Jaenike 1978; Hamilton
1980; Bell 1982; Hamilton et al. 1990). This parasite-mediated selection offers one explanation for why
sex persists despite the two-fold advantage of asexual reproduction (Jokela et al. 2009; Gibson et al.
2016), emphasizes the importance of cross-fertilization and the generation of new or rare genotypes when
resisting rapidly evolving parasites (Hamilton et al. 1990; Leung et al. 2011), and ultimately lays the
groundwork for how parasite–host dynamics can lead to selection for sex—as predicted by the Red Queen
hypothesis (sensu stricto Bell 1982).
However, support for asexuals being disproportionally infected is inconsistent (e.g., Heller and
Farstey 1990; Strauss and Karban 1994; Hanley et al. 1995; Jukka and Lively 1995; Hakoyama et al.
2001; Meirmans et al. 2006; Killick et al. 2008; Ellison et al. 2011; Kotusz et al. 2014). Given that higher
infections of asexuals is evidence for strong parasite-mediated selection (Neiman and Koskella 2009), and
that this fundamentally determines host-population responses to selection (Otto and Nuismer 2004), then
5

reconciling inconsistencies is an important first step to supporting the generality and ubiquity of Red
Queen dynamics in parasite–host systems.
Here I use meta-analysis to synthesize parasite loads on asexual and sexual hosts with the goals
to: (1) provide cumulative insights on the parasite theory of sex, (2) develop new comparative predictions
on which intrinsic differences between asexual and sexual reproduction violate the “all-else-equal”
assumption (e.g., Lively and Howard 1994), and (3) test whether these differences moderate extrinsic
effects of parasites on host populations. One key intrinsic factor that remains untested in a comparative
context is whether all forms of asexuality are functionally equivalent targets of parasite-mediated
selection. I predict multiple reasons for why this may not be the case.
A key assumption of the parasite theory of sex is that the genetic uniformity of asexuals and
their offspring increases vulnerability to infections (Lively 1996). This is because parasite-mediated
selection targets genetic diversity of hosts and not necessarily sex (Lively and Howard 1994). However,
the rare and diverse origins of asexuality, which are often derived from sex (Bell 1982), are not strictly
apomictic as typically defined by theory—where offspring inherit the unrecombined genomes of mothers
and are produced mitotically without syngamy (i.e., mating, fertilization; Suomalainen et al. 1987). In
fact, the predicted genetic uniformity of asexual lineages can differ considerably depending on how
asexuality originated from biparental sex (Bell 1982), or through other intermediate transitions such as
self-pollination in plants (see Strauss and Karban 1994). This is because sex is both the diversification of
genomes via meiosis and the fusion/fertilization of cells (i.e., syngamy; Bell 1982), and given the
evolutionary pathway to asexuality (i.e., via biparentally-derived lineages), either may still required .
These diverse pathways impact the genetic mechanisms underlying how asexuality is achieved,
and in turn, affect (1) how genetic diversity is generated and maintained in host populations, and (2)
opportunities to disintegrate negative and irreversible mutations—which are predicted to accumulate in
asexual systems and negatively impact their evolutionary continuity (Muller’s ratchet; Muller 1964). For
example, heterozygosity is preserved in apomictic asexual populations, but repressed among automictic
asexuals—due to this form of asexuality preserving some meiotic mechanisms of sex that enforce
6

homozygosity (Engelstadter 2008). This distinction between apomictic and automictic asexuals may not
be trivial, since there will be less genetic diversity to respond to parasite-mediated selection, and fewer
heterozygotes to help resist deleterious mutations.
Other modes of asexuality have advantages over apomixis, especially those that have strong
associations with hybridity and polyploidy (Marshall and Brown 1981; Suomalainen et al. 1987). These
mechanisms can blunt parasite-mediated selection by increasing within- and between-individual genetic
diversity (Jackson and Tinsley 2002), occurring repeatedly to “refresh” host population genetic structure
(e.g., Poeciliopsis fish; Leberg and Vrijenhoek 1994), or by generating offspring that show different
positive attributes of heterosis and ploidy (e.g., hybrid vigor; Pandit et al. 2011). They can also increase
positive/beneficial mutation space in host genomes (more copies of a genome means that there is more
space in the genome for mutation; Otto and Whitton 2000), while also diluting the effects of negative and
irreversible mutations. In contrast, polyploidy and hybridity can also generate asexual systems that seem
to combine both the disadvantages of asexuality (e.g., Muller’s ratchet) and sexuality (e.g., two-fold cost
of males). Examples include asexuals that lack genetic recombination but still require male fertilization to
trigger embryogenesis (e.g., gynogenesis; Neaves and Baumann 2011), asexuals with mixed clonal
inheritance that require male fertilization from different species (e.g., hemiclonal or hybridogenesis;
Neaves and Baumann 2011), or self-fertilized asexuals that can experience exacerbated effects of
deleterious mutation accumulation due to inbreeding (Wang et al. 1999). Many asexual systems also
experience occasional sex (e.g., Pandian and Koteeswaran 1998), such as cases of paternal leakage
(occasional recombination; Avise 2008), or have mixed modes of asexual and sexual reproduction (i.e.
arrhenotoky). Here, sex, even if only occurring occasionally, can have important consequences for the
continuity and composition of asexual populations, since it offers opportunities to release genetic
diversity and disintegrate/purge negative mutations. This is the case among haplodiploid forms of
asexuality, such as arrhenotoky, where deleterious alleles are exposed directly to selection because
mitotically produced males are haploid—this offers opportunities to reduce negative genetic load and
increase positive selection for resistance to parasites (Crozier 1985).
7

Again, many modes of asexuality are not functionally equivalent to apomixis, and multiple
mechanisms may be acting in concert to yield a diversity of systems with different evolutionary responses
to parasite selection. Given this heterogeneity, I aim to test whether these intrinsic differences have
functional significance in terms of impacting the distribution of parasites on host populations, thus
violating the “all-else-equal” assumption. I also test other mechanisms that can moderate parasite loads
among asexual and sexual hosts, and a longstanding criticism of the Red Queen is the inability of many
studies to eliminate these other sources of heterogeneity (Wuethrich 1998). For example, studies
contrasting asexual and sexual interspecific taxa cannot differentiate effects due to behavioral or
ecological differences between host species (e.g., Tobler and Schlupp 2005). Further, studies measuring
only prevalence or intensity may also support different outcomes in terms of opportunities for parasitemediated selection (Anderson and May 1979; May and Anderson 1979). This is because microparasites
replicate within hosts, and prevalence here indexes host fitness as it distinguishes between infected and
uninfected individuals. This is not necessarily true for macroparasites because negative host effects are
intensity-dependent (Clayton et al. 1992). Finally, acquired immunity among host taxa (e.g., vertebrate
hosts) can also moderate parasite loads in a comparative context (Brace et al. 2017), and have opposing
outcomes relative of parasitism class measured (e.g., acquired immunity of microparasites can last a
lifetime).

Methods
Screening studies and effect size extractions
On January 25, 2019, I searched for candidate studies up to January 1, 2019 on Web of Science
(University of South Florida Tampa Library subscription) using two separate keyword searches: “red
queen hypothesis” and “red queen AND parasit*”. These searches returned 364 and 425 references,
respectively, ranging from 1979 to 2018. I then combined, deduplicated (removing 193), and screened
only their titles and abstracts to identify relevant studies using the abstract_screener() from the metagear
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R package (v. 0.4; Lajeunesse 2016). Six-hundred and six studies were screened and coded relevant if
they described parasitism between asexual and sexual hosts, clonal hosts, or outcrossed/inbred hosts.
Two-hundred and thirty-eight abstracts/titles met these inclusion criteria, and although the full-text of
each study was retrieved, full-text screening found that only 68 reported numerical comparisons of
parasite load (see PRISMA diagram in Appendix Figure A1).
For each study, any outcome that numerically quantified and contrasted parasite loads (i.e.,
prevalence, intensity, parasite species richness) on sexual and asexual hosts (or other contrasts in genetic
diversity) were extracted to calculate effect sizes (i.e., a standardized study outcome; Hedges, 1981). For
all effect sizes, asexuals (𝐴) were assigned as the treatment group, and sexuals (𝑆) as the control group, to
yield positive effects when asexuals had greater parasite loads and negative effect sizes when sexuals had
greater loads. Studies reporting means (𝑋̅) of parasite loads were quantified with Hedges’ 𝑑 effect sizes
defined as: 𝑑 = [(𝑋̅𝐴 − 𝑋̅𝑆 )⁄√[(𝑁𝐴 − 1)𝑆𝐷𝐴2 + (𝑁𝑆 − 1)𝑆𝐷𝑆2 ]/(𝑁𝐴 + 𝑁𝑆 − 2)] × 𝐽, which has a smallsample correction 𝐽 = 1 − 3⁄(4[𝑁𝐴 + 𝑁𝑆 ] − 9), and uses the sample size (𝑁) and standard deviation
̃ + 𝑑2 ⁄(2𝑁𝐴 + 2𝑁𝑆 ) with 𝑁
̃=
(𝑆𝐷) of 𝑋̅. Hedges’ 𝑑 have a variance defined as: 𝑣𝑎𝑟(𝑑) = 𝑁
(𝑁𝐴 + 𝑁𝑆 )⁄𝑁𝐴 𝑁𝑆 . When median (MED) values with minimum (MIN) and maximum (MAX) ranges were
reported, these were converted to 𝑋̅ and 𝑆𝐷 prior to calculating 𝑑 following Hozo et al. (2005): 𝑋̅ =
(MIN + 2MED + MAX)⁄4 and 𝑆𝐷 = √1⁄12 [(MIN + 2MED + MAX)2 ⁄(4 + [MAX − MIN]2 )]. Studies
̃, and so
reporting correlation coefficients (𝑟) were also converted into 𝑑 = (𝑟⁄√1 − 𝑟 2 )√(𝑁𝐴 +𝑁𝑆 − 1)𝑁
̃, Chi-square tests (𝜒 2 ) with |𝑑| = √𝜒 2 𝑁
̃ , 𝑡-tests with |𝑑| = 𝑡√𝑁
̃ . The
were 𝐹-tests using |𝑑| = √𝐹𝑁
sign of these conversions was determined by textual descriptions of statistical outcomes (see Lajeunesse
2013). Prevalence outcomes were also converted to 𝑑 by first calculating log odds ratios as 𝑙𝑜𝑔𝑂𝑅 =
log [(𝑁𝐴𝑃 𝑁𝑆𝑊𝑃 )⁄(𝑁𝑆𝑃 𝑁𝐴𝑊𝑃 )], where 𝑁 is the number of individuals with (𝑃) or without parasites (𝑊𝑃)
among asexual (𝐴) and sexual hosts (𝑆), and then following Borenstein et al. (2009), converted to 𝑑 =
log 𝑂𝑅 × √3⁄𝜋. In total, 668 effect sizes were extracted from 68 studies.
9

Defining modes of host asexuality
I grouped modes of asexuality following classifications of major genetic systems by Suomalainen et al.
(1987), Normark (2003), and Van Dijk (2009). Host species were categorized as ‘classic’ asexual
parthenogenetic when there was no mating, no males produced, and only females transmit genomes.
Parthenogenesis was further grouped into apomixis and automixis classes; where apomixis includes
systems where eggs are strictly produced mitotically, and automixis where eggs are produced via meiosis
(either completely or incompletely as in apomeiotic plants; Van Dijk 2009). Other forms of asexuality
have obligate mating/pollination to initiate embryonic development—these were grouped as matingdependent parthenogenesis; however, all cases included in my meta-analysis were sperm-dependent as
there were no systems reporting pollen-dependent asexuality. Mating-dependent parthenogenesis was
further grouped into gynogenesis (i.e., sperm-triggered development, but only the maternal genome is
transmitted) and hybridogenesis (i.e., hemiclonal inheritance where fusion of maternal and paternal
gametes occurs but the paternal genome is eliminated at later developmental stages). Asexual modes
retaining complete sexual reproduction (amphimixis) included haplodiploid systems where females
develop from fertilized eggs and males develop from unfertilized eggs (i.e., arrhenotoky), and selfing
among hermaphroditic taxa (e.g., self-fertilization, self-pollination). Finally, there was one study with
colonial budding (i.e., bryozoan statoblasts; Vernon et al. 1996). Some studies included Daphnia sp.
which are cyclically parthenogenetic (Little and Ebert 1999; Auld et al. 2016; Hite et al. 2017). These
taxa typically reproduce asexually during specific environmental conditions but will reproduce sexually
when there are harsher environmental conditions (i.e. more parasitism or in anticipation of cold winter
months; Ebert et al. 2007; Auld et al. 2016). When reproducing asexually, Daphnia are apomictic (Little
and Ebert 1999).

Contrasts in host genetic uniformity
Typically, studies aimed to compare parasitism loads between asexual and sexual hosts. This can be
achieved either with an intraspecific contrast within a species (e.g., Lively 1987) or interspecific contrast
10

between two (often closely related) species (e.g., Cordero-Rivera et al. 2018). Other studies contrast high
versus low genetic diversity hosts, such as normal (wild) population diversity versus inbred individuals
(i.e., Luong et al. 2007), outcrossed (outbreed) individuals (i.e., Busch et al. 2004) with normal
individuals, or among host populations with high versus low clonal diversity (Bruvo et al. 2007). Others
studies contrast hybrids to parental hosts, assuming admixtures of hybrids are more genetically diverse
than parental host species. When possible, I extracted the ploidy levels of both asexual and sexual hosts
(number of complete sets of chromosomes); otherwise ploidy was supplemented from other sources.
Ploidy ranged from haploid (monoploid), diploid, triploid, tetraploid, and polyploid (more than 5 sets).
Since high ploidy in some taxa is associated with vigor (Lawrence et al. 1990), I grouped studies by the
contrast in ploidy levels: higher ploidy in asexuals versus lower ploidy in sexuals, equal ploidy among
asexual and sexual hosts, and lower ploidy in asexual versus higher ploidy in sexuals.

Meta-analysis of effect sizes
I used mixed-effects meta-analysis to combine and compare Hedges’ 𝑑 effect sizes. My hierarchical
regression model in matrix notation was 𝐝 = 𝐖𝛃 + 𝛆 + 𝜏 2 + 𝛾 2 + 𝜃 2 . In this model, 𝐝 is a column
vector of k number of Hedges’ 𝑑 effect sizes, 𝐖 the regression design matrix of m + 1 size with the first
column being the intercept and remaining columns modeling m number of fixed-effect (categorical)
covariates (see moderator groups defined earlier), and 𝛃 is a column vector of m + 1 regression
coefficients. The weights of each effect size are defined in a variance-covariance matrix 𝛆 containing the
𝑣𝑎𝑟(𝑑) on its main diagonal. This meta-analysis model also includes three random-effects components:
the classic between-study variance component (𝜏 2 ) assumed by all random-effects meta-analyses
(Koricheva et al. 2013), a variance component (𝛾 2 ) that models the overrepresentation of effect sizes per
publication (see Jennions et al. 2013), and a third aggregate random-effects (𝜃 2) that models repeated
measure outcomes that do not represent independent data (e.g., time series, multiple populations).
Including 𝜃 2 in models is near equivalent to pre-pooling non-independent effects with fixed-effect meta-
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analyses prior to the overall meta-analysis. Finally, τ2, γ2, and θ2 are additive and are estimated
independently.
My mixed-effects meta-analysis was implemented in R (v. 3.3.3; R Core Team 2017) using the
rma.mv() function from the metafor package (v. 1.9-9; Viechtbauer 2010), where 𝜏 2 , 𝛾 2 , and 𝜃 2 were
estimated via maximum-likelihood (ML) using the nlminb optimizer. Likelihood ratio tests (LRT based
on Wald-type Chi-square tests) were used to test the significance of multiple (fixed-effect) moderators
and their interactions (see Mengersen and Schmid 2013). Confidence intervals (CI) not overlapping with
zero indicate significant non-zero effects within pooled groups, Wald-type z-tests were used to compare
differences among two groups of pooled effects (alpha = 0.05), and omnibus 𝑄 B tests were used for test
multi-group differences within a fixed-effect moderator (see Hedges and Olkin 1986).
I was unable to apply phylogenetic models in my meta-analysis (Lajeunesse 2009), since a
single effect sizes could be attributed to multiple host species and multiple parasite species; such as in
interspecific comparisons of parasite loads, or studies reporting cumulative parasite load based on
multiple parasite species. However, to address potential taxa effects, pooled effect sizes were compared
among major taxonomic classes of parasites (e.g., trematode, fungal, bacterial, mite parasites) and hosts
(e.g., invertebrate or vertebrate hosts). Parasites were also parsed by functional groups of parasitism mode
(e.g., endoparasites, ectoparasites, parasitoids) and parasitism class (e.g., microparasites, macroparasites).
Microparasites were defined as parasites that are unable to be seen with the naked eye and included
bacteria, fungi, protozoans, and viruses; macroparasites were defined as parasites that can be seen without
aid such as mites, trematodes, insects, nematodes, helminths, and monogeneans.

Bias assessment prior to overall meta-analysis
Prior to syntheses, I assessed three potential sources of bias among my effect sizes. The first is due to
including a large number of effect sizes approximated into a common currency (see Lajeunesse 2013).
Although 52.8% of effect sizes (k = 358) were approximated into 𝑑, with 91.6% converted from odds
ratio effect sizes (quantifying parasite prevalence; k = 328), there were no differences between effect sizes
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calculated from direct or approximate methods (mixed-model meta-analysis contrast: z = -1.25, p = 0.212;
see Appendix Fig. A2b). There was also overrepresentation of effects from studies published by single
research group (i.e., C. Lively); however, even though 15.5% of effect sizes (k = 105) were derived from
this group, these effects did not differ from the overall population of study outcomes (mixed-model metaanalysis contrast: z = 0.35, p = 0.727; see Appendix Fig. A2b).
Finally, I used metafor’s regtest() to apply Egger’s test for publication bias (Egger et al. 1997).
Although the test found significant asymmetry across all effect sizes (see Appendix Fig. A2a; k = 678;
Egger’s test t = 16.0, p < 0.001), and again when all non-independent effect sizes were pooled prior to
meta-analysis (see Appendix; k = 299; Egger’s test t = 16.7, p < 0.001), I caution that these effect size
data only met three of the four eligibility criteria for the appropriateness of this test (see Appendix;
Ioannis and Trikalinos 2007). Therefore, although publication bias cannot be excluded, there are multiple
reasons to believe that this is not rampant in Red Queen literature studies given that: (1) published null
outcomes have high representation in these data (54.1%, k = 367), (2) these nulls are based on a full range
of small to large sample sizes (see Appendix), and (3) published reports of null outcomes are valuable to
confirm key theoretical predictions of observable outcomes of parasite–host dynamics (e.g., time-lags; see
Dybdahl and Lively 1998; Ruiz-Gonzales and Brown 2006).

Results
Overall effects and comparison of modes of asexuality
Overall, parasite loads were greater on asexual than sexual hosts (Figure 1), and consistent with the
parasite theory of sex, asexuals (including both automictic and apomictic forms) had greater prevalence,
intensity, and richness of parasites than sexuals (Figure 2). However, greater parasitism of asexuals is not
generalizable across modes of asexual reproduction. There was little support for differences among
asexuals and sexuals among mate-dependent parthenogens (Figure 1), and when dividing these into
gynogenetic and hybridogenetic systems, I found either no differences or the opposite where sexuals were
more parasitized then asexuals, respectively (Figure 1). Likewise, there were no differences in parasitism
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among asexuals and sexuals among hermaphroditic selfing and arrhenotokous systems. Finally, although
amphimictic (sexual) systems overall had asexuals with greater parasite loads than sexuals, this was due
to the inclusion of sexual crosses manipulating genetic diversity and not due to including arrhenotokous
asexuals.

Contrasts in genetic uniformity
Grouping studies in terms of contrasts in genetic uniformity, with the prediction that parasites track
genetically homogenous hosts (Dybdahl and Lively 1998), higher parasite loads were found among
studies contrasting low versus high genetically diversified groups except for studies based on clonal
diversity (Figure 3); although this latter group had relatively low representation in my meta-analysis.
Consistent with predictions of increased hybrid fitness (Fritz et al. 1994), systems where asexuals were of
hybrid origins did not differ in parasitism loads from that of sexuals. Further, ploidy levels did not predict
parasite loads; only triploid asexuals had greater parasite loads (Appendix Figure A3), while asexuals of
other ploidies on average did not differ in parasite loads from sexuals. Although many studies contrasted
asexuals with greater ploidy than sexuals, asexuals still had greater parasitism loads (Figure 3); however,
when sexuals had greater or equal ploidy levels, there were no differences in parasite loads among groups
(Figure 2). Finally, since there is a confounding of moderators between ploidy and hybridization, a twoway ANOVA-style meta-analysis was used and found a crossover interaction between differences in
ploidy level among sexual and asexual hosts and whether asexuals were hybrids (mixed-model metaanalysis: PLOIDY: LRT = 2.79, d.f. = 1, p = 0.094; HYBRIDIZATION: LRT = 1.48, d.f. = 1, p = 0.224;
PLOIDY × HYBRIDIZATION: LRT = 6.1, d.f. = 1, p = 0.013). Here, hybrids where asexual and sexual
hosts have equal ploidy are more susceptible to parasitism (hybrids with ploidy equal to parents: pooled d
= -1.05, 95%CI = [-1.831, -0.267], k = 11; hybrids with different ploidy than parents: pooled d = 0.31,
95%CI = [-0.051, -0.6715], k = 144). There was no difference in ploidy effects among non-hybrids (nonhybrids with ploidy equal to parents: pooled d = 0.301, 95%CI = [-0.172, 0.787], k = 39; non-hybrids
with different ploidy than parents: pooled d = 0.35, 95%CI = [0.135, 0.557], k = 275). However, I caution
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that this analysis is limited given that there are very few hybrids that had equal ploidy as parents, and in
my dataset, these data come from two studies contrasting different species of sexual and parthenogenetic
geckos (see Kearney and Shine 2004; Kearney and Shine 2005).
Studies based on intraspecific (within-species) contrasts found greater parasite loads on
asexuals; while those comparing parasitism between different sexual and asexual species are less likely to
detect an effect (Figure 3). To test whether interspecific studies are more variable than intraspecific
studies, I repeated my meta-regression but now allowed for the amount of residual heterogeneity to differ
between intra- and inter-specific comparisons of host parasite loads (e.g., as 2 by 2 diagonal variance
structure without covariance; see Rubio-Aparicio et al. 2017). With these analyses, interspecific studies
again still marginally overlapped with zero (pooled d = 0.271, 95%CI = [-0.011, 0.553], k = 293),
compared to interspecific contrasts between sexual and asexual hosts (pooled d = 0.398, 95%CI = [0.198,
0.598], k = 385). The residual heterogeneity did not differ between groups (interspecific contrasts: 𝜏 2 =
0.898; intraspecific contrasts: 𝜏 2 = 0.773; LRT = 0.72, d.f. = 1, p = 0.396). Again, there is a confounding
of moderators between interspecific contrasts and hybridization, and with a two-way ANOVA-style metaanalysis, I found a crossover interaction between differences in the type of contrasts among sexual and
asexual hosts and whether asexuals were hybrids (mixed-model meta-analysis: CONTRAST: LRT =
0.023, d.f. = 1, p = 0.880; HYBRIDIZATION: LRT = 2.21, d.f. = 1, p = 0.137; CONTRAST ×
HYBRIDIZATION: LRT = 9.98, d.f. = 1, p = 0.002). It appears that hybrid systems where both asexual
and sexual hosts are the same species are more susceptible to parasitism (interspecific w/ hybrids: pooled
d = -0.093, 95%CI = [-0.418, -0.233], k = 241; intraspecific w/ hybrid: pooled d = 1.066, 95%CI =
[0.345, 1.787], k = 18). There was no difference in ploidy effects among non-hybrids (interspecific with
non-hybrids: pooled d = 0.7125, 95%CI = [0.329, 01.095], k = 52; intraspecific w/ non-hybrids: pooled d
= 0.365, 95%CI = [0.178, 0.552], k = 367).
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Parasitism mode and variably among taxa
The mode of parasitism (i.e., endo-, or ecto-parasitism) did not significantly predict differences among
sexual and asexual parasites (Figure 2), nor differences in virulence among macro- and micro-parasites
(Figure 2). Finally, there was no interaction between the type of parasitism load (e.g., prevalence versus
intensity) and parasite reproduction (microparasites versus macroparasites) (mixed-model meta-analysis:
PARASITE LOAD TYPE: LRT = 1.29, d.f. = 1, p = 0.256; PARASITE REPRODUCTION: LRT = 0.07,
d.f. = 1, p = 0.785; PARASITE LOAD TYPE × PARASITE REPRODUCTION: LRT = 0.01, d.f. = 1, p
= 0.941). There were no differences in the prevalence of micro- and macro-parasites among asexual and
sexual hosts (prevalence of microparasites on asexual and sexual hosts: pooled d = 0.382, 95%CI =
[0.039, 0.725], k = 63; prevalence of macroparasites: pooled d = 0.36, 95%CI = [0.170, 0.561], k = 336).
There was also no intensity differences among microparasites (intensity of microparasites on asexual and
sexual hosts: pooled d = 0.21, 95%CI = [-0.199, 0.608], k = 47; intensity of macroparasites: pooled d =
0.258, 95%CI = [0.020, 0.496], k = 208).
Asexual plants and invertebrates, but not vertebrates, were more parasitized than their sexual
counterparts (Figure 2). Among invertebrate hosts, effects were consistent in terms of asexuals having
more parasites; although parsing invertebrate hosts by major taxonomic groups found that only asexual
mollusks were more parasitized (see Appendix Figure A3). Excluding mollusks from the overall synthesis
does not change overall effects (sensitivity analysis excluding mollusks: pooled d = 0.335, 95% CI =
[0.119, 0.551], k = 539), but the inclusion of mollusks did dominate overall effects among invertebrate
hosts (pooled d = 0.339, 95% CI = [-0.05, 0.73], k = 113; Appendix Figure A3); which primarily included
insects (k = 92), flatworms (k = 11), and crustaceans (k = 8). There were also consistent effects among
plant host taxa (Appendix Figure A3); however, asexuals having more parasites than sexuals was
observed only among eudicots (k = 43) and conifers (k = 1) but not monocots (k = 14). Finally, effects
were not consistent among vertebrate host taxa (Appendix Figure A3), where effects were nonzero among
birds (k = 4), but not among fish (k = 330) or reptiles (k = 32).
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There was little variation observed across parasite taxa (Figure 2), and only protozoan and
invertebrate parasites were found more on asexual hosts. Among invertebrate parasites, there was no
variation but only insect (k = 49) and trematode (k = 282) parasites were more likely found on asexuals.
Excluding trematodes did not impact overall effects (sensitivity analysis excluding trematodes: pooled d =
0.355, 95% CI = [0.106, 0.603], k = 395), nor effects among invertebrate parasites (pooled d = 0.391,
95% CI = [0.11, 0.67], k = 240; Appendix Figure A3) which included nematodes (k = 65), monogeneans
(k = 61), mites (k = 40), and insects (k = 49).

Discussion
Overall, this meta-analysis supports the parasite theory of sex—where on average asexuals have greater
parasite loads than sexual hosts. However, this synthesis also points to significant heterogeneity in
parasitism among hosts with different modes of asexuality, as well as confounding effects of
hybridization but not polyploidy. Given the pooled effects across groups (Figure 1), I propose the
following rank predictions of asexual susceptibility to parasite-mediated selection, from biased to
unbiased parasitism relative to sexual hosts:
𝑎𝑢𝑡𝑜𝑚𝑖𝑥𝑖𝑠 𝑎𝑝𝑜𝑚𝑖𝑥𝑖𝑠 𝑔𝑦𝑛𝑜𝑔𝑒𝑛𝑒𝑠𝑖𝑠 𝑠𝑒𝑙𝑓𝑖𝑛𝑔 𝑎𝑟𝑟ℎ𝑒𝑛𝑜𝑡𝑜𝑘𝑦 ℎ𝑦𝑏𝑟𝑖𝑑𝑜𝑔𝑒𝑛𝑒𝑠𝑖𝑠
>
>
>
>
>
.
⏟ 0.51
⏟ 0.20
⏟ −0.55
0.48
0.16
0.09
𝑎𝑠𝑒𝑥𝑢𝑎𝑙𝑠 > 𝑠𝑒𝑥𝑢𝑎𝑙𝑠

𝑎𝑠𝑒𝑥𝑢𝑎𝑙𝑠 = 𝑠𝑒𝑥𝑢𝑎𝑙𝑠

𝑎𝑠𝑒𝑥𝑢𝑎𝑙𝑠 < 𝑠𝑒𝑥𝑢𝑎𝑙𝑠

Below I use this empirical ranking, along with knowledge gaps identified, to firm-up theoretical
ambiguities of Red Queen theory and to improve comparative expectations of parasitism impacts on host
populations.
I found that parasite-mediated selection is strongest among host asexual systems with
automictic and apomictic reproduction. Given that these two modes of reproduction most closely match
the conventional definition of asexuality assumed by Red Queen theory—in terms of strict maternal
inheritance of unrecombined genomes without syngamy—my empirical ranking validates predictions by
Hamilton (1980). My findings also validate previous assumptions that treat automixis and apomixis as
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functionally equivalent (Lively, 1989), since intensity of parasite selection was similar between groups,
and despite my prediction that automictic systems would be the most susceptible due to gradual loss of
heterozygosity (Nougue et al., 2015).
I also found that asexual bias in parasitism did not occur among other modes of asexuality (see
Figure 1). These null results do not necessary break predictions by the parasite theory of sex, but amplify
Bell’s (1986) view that the scope of the Red Queen is too narrow and needs to grow to encompass a
broader diversity of reproductive modes. My synthesis makes the case for this, given that I found
conventional contrasts of sex versus asex to be rare (i.e., apomictic and automictic hosts combined only
represented 28.4% of groups compared), and that asexual systems with similar levels of parasitism among
sexuals and asexuals were those with obligate links to mating—either to trigger embryogenesis, as in
gynogenesis, or to generate reproductive offspring (i.e., arrehnotoky). Again, these findings reemphasize
Bell’s (1986) point that much can be learned by distinguishing sets of consequences between mating and
syngamy—this was indirectly achieved with this synthesis given that it included all combinations of the
two (Figure 1).
For example, distinguishing between consequences of genetic diversity among modes of
asexuality can offer an opportunity to understand functional differences between groups in terms of
impacts of genetic diversity in host populations (Figure 3). The prevailing assumption here is the
increased mean susceptibility of asexual hosts due to low genetic diversity (Jaenike 1978; Hamilton 1980;
Bell 1982; Hamilton et al. 1990). I found that systems where parasitism was compared among outcrossed
(high genetic diversity) or inbred hosts (low genetic diversity) also provided evidence for the parasite
theory of sex, whereas comparisons of high to low clonal diversity showed no parasitism differences
among groups. At coarser genetic levels, systems with low ploidy had greater parasitism loads than those
with higher ploidy levels (Figure 3)—again emphasizing positive effects of genetic diversity on host
susceptibility. Finally, asexual systems arising from hybridization events did not differ in parasitism loads
when compared to non-hybrid hosts. These findings, however, again, echo positive benefits of genetic
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diversity given that asexuals here are genetically distinct (e.g., hybrid taxa; also see Chapter three), and
not-necessarily a genetically homogenous population assumed in the parasite theory of sex.
Another key finding of my synthesis is that testing the core prediction that asexuals are more
parasitized than sexuals is challenging. Asexuality is rare—thus leaving few direct opportunities to test
the parasite theory of sex. Here, automictic and apomictic systems only comprised 28.4% of the studies
synthesized, and the majority of which were from the snail, P. antipodarium. Rather, the composition of
my synthesis included a majority of studies approaching this hypotheses with systems that partially match
predictions (e.g., systems that retain components of sexual reproduction), or manipulate amphimictic
systems to simulate effects of genetic diversity on host susceptibility (see Table 1). For example, a large
portion of studies tested the Red Queen with interspecific comparisons of asexual and sexual hosts (e.g.,
different species with different reproductive modes). Although there were no differences detected
between interspecific and intraspecific comparisons (i.e., the approach with fewer issues due to
comparing parasite loads within a single species), I found some evidence that interspecific comparisons
may more likely show null outcomes (Figure 2). Theory predicting impacts of asexuality on host
populations must begin modelling these various modes of asexuality to provide more reliable predictions
for when parasitism should differ among host populations.
I end with a few observations and knowledge gaps. It was difficult to find a single source that
explicitly defined modes of asexuality across taxa, or sources that offered clear qualitative or quantitative
information on the genetic consequences of these modes, in terms of functional differences in genetic
diversity among these different modes. A common semantic language is urgently needed to help class
similarity or differences—especially given that current terminology can have alternative and often
conflicting definitions, such as in apomictic systems among plants and animals (see Van Dijk, 2009).
Finally, although I was able to test for confounding effects due to ploidy and hybridization, given that
these are competing mechanisms of genetic diversity, I was unable to test confounding effects due to
biases in parasitism among sexes (see McCurdy et al. 1998; Poulin 1996)—this will be key to better
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predicting pattern of parasitism among hosts given that many asexual systems retain sex, rely heavily on
contrasting parasitism load to host populations with breeding males and females, and that asexuals are
strictly female. While some Red Queen tests control for this by only sampling sexual and asexual males
or females (Leburg and Vrijenhoek, 1994), others sample all individuals in a population regardless of sex.
Further exploration of how the immunocompetence handicap (Folstad and Karter 1992) and the Red
Queen overlap may provide additional insight to host-parasite dynamics.
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Tables and Figures
Table 1. Summary of publications and their host-parasite systems utilized in this meta-analysis.
Conventional S v A (sexual versus asexual hosts) or contrasts in genetic uniformity such as high versus
low clonal diversity (C), outcrossed versus natural diversity (O), and natural versus inbred genetic
diversity (I). A = apomixis, AU = automixis, S = self-fertilization, H = hybridogenesis, G = gynogenesis,
ARR = arrhenotoky, B = budding. Rows for publications where NA occurs under Asex Mode, Host
Asexual Species, or Host Sexual Species used systems in which inbreeding, increased outcrossing, or
comparison of clonal diversity were measured in lieu of sex vs asex. Mixed parasite taxa indicates
multiple parasite taxa sampled.
Host
Taxa

Asex
Mode

Andras et al.
(2018)
Auld et al.
(2016)
Ben-Ami and
Heller (2005)
Ben-Ami and
Heller (2008)
Brown et al.
(1995)
Bruvo et al.
(2007)
Busch et al.
(2004)
CorderoRivera et al.
(2018)
Dagan et al.
(2013)
Ellison et al.
(2011)
Elzinga et al.
(2012)
Gibson et al.
(2016)
Gibson et al.
(2018)
Hakoyama et
al. (2001)

crustacean

A

crustacean

A

snail

A

snail

A

lizard

H

flatworm

G

plant

NA

insect

A

snail

A

fish

S

insect

A

snail

AU

snail

AU

fish

G

Hanley et al.
(1995)
Hanley et al.
(1995)
Hartman et al.
(2017)
Heller and
Farstey (1990)

lizard

H

lizard

H

plant

A

snail

A

Hite et al.
(2017)
Johnson et al.
(2009)

crustacean

Publication

Johnson
(1994)
Johnson
(2000)

A

plant

S

snail

A

snail

A

Host Asexual
Species

Host Sexual
Species

Contrast
Type

Parasite
Taxa

NA

(C)

bacteria

NA

(C)

bacteria

Melanoides
tuberculata
Melanoides
tuberculata
Hemidactylus
frenatus
NA

SvA

trematode

SvA

trematode

SvA

Mixed

(C)

Mixed

(O)

fungus

Ischnura
hasata

mixed plant
families
Ischnura
pumilio

SvA

Mites

Melanoides
tuberculate
Kryptolebias
marmoratus
mixed moth
species
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Carassius
auratus
langsdorfii
Leptidodactylu
s lugubris
Leptidodactylu
s lugubris
Hieracium
alpinum
Melanoides
tuberculate

Melanoides
tuberculata
Kryptolebias
marmoratus
mixed moth
species
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Carassius
auratus
burgeri
Lepidodactylus
spp.
Hemidactylus
frenatus
Hieracium
alpinum
Melanoides
tuberculata

SvA

trematode

SvA

Mixed

SvA

Insect

SvA

trematode

SvA

trematode

SvA

trematode

SvA

Mites

SvA

Mixed

SvA

Insect

SvA

trematode

Daphnia
dentifera
Oenothera,
Gayophytum
spp.
Campeloma
decisum
Campeloma
limum

Daphnia
dentifera
Onagraceae
spp.

SvA

fungus

SvA

mixed

Campeloma
decisum
Campeloma
limum

SvA

trematode

SvA

trematode

Daphnia
magna
Daphnia
magna
Melanoides
tuberculate
Melanoides
tuberculate
Lepidodactylus
lugubris
Schmidtea
polychroa
NA
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Table 1 (Continued)
Jokela and
Lively (1995)
Jokela et al.
(2009)
Jokela et al.
(2003)
Kearney and
Shine (2004)
Kearney and
Shine (2005)
Kelley and
Shykoff
(1994)
Killick et al.
(2008)
King and
Lively (2009)
King et al.
(2009)
King et al.
(2011)
Kotusz et al.
(2014)
Kumpulainen
et al. (2004)
Leberg and
Vrijenhoek
(1994)
Little and
Ebert (1999)
Lively and
Jokela (2002)
Lively et al.
(1990)
Lively (1987)

Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Heterotia
binoei
Heterotia
binoei
Anthoxanthum
ororatum

Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Heterotia
binoei
Heterotia
binoei
Anthoxanthum
ororatum

SvA

trematode

SvA

trematode

SvA

trematode

SvA

mites

SvA

mites

SvA

virus

A

Daphnia pulex

Daphnia pulex

SvA

mixed

snail

AU

trematode

AU

SvA

trematode

snail

AU

SvA

trematode

fish

G

SvA

nematode

plant

AU

SvA

insect

fish

G

Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Cobitis
elongatoides
Siederia
rupicolella
Poeciliopsis
lucida

SvA

snail

SvA

trematode

crustacean

A

Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Cobitis
elongatoides
Dahlica
fennicella
Poeciliopsis
monachalucida
Daphnia sp.

NA

(C)

mixed

snail

AU

trematode

AU

SvA

trematode

snail

AU

SvA

trematode

Lively (1989)

snail

AU

SvA

trematode

Lively (1992)

snail

AU

SvA

trematode

LorenzoCarballa et al.
(2011)
Luong et al.
(2007)
Masri et al.
(2013)
McKone et al.
(2016)
Mee and Rowe
(2006)
Miermans et
al. (2006)
Michiels et al.
(2001)
Moritz et al.
(1991)
Nemri et al.
(2012)

insect

A

Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Ischnura
pumilio

SvA

snail

Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Ischnura
hasata

SvA

mites

insect

NA

NA

(I)

mites

nematode

S

SvA

bacteria

snail

AU

SvA

trematode

fish

G

SvA

monogenean

insect

G

Caenorhabditi
s elegans
Potamopyrgus
antipodarium
Phoxinus
hybrids
Ips acuminatus

Drosophila
nigrospiracula
Caenorhabditi
s elegans
Potamopyrgus
antipodarium
Phoxinus spp.
Ips acuminatus

SvA

nematode

flatworm

G

protozoan

A

SvA

mites

plant

S

Schmidtea
polychroa
Heteronotia
binoei
Limum
marginale

SvA

lizard

Schmidtea
polychroa
Heteronotia
binoei
Limum
marginale

SvA

fungus

plant

A

virus

AU

SvA

trematode

fish

G

Eupatorium
glehni
Potamopyrgus
antipodarium
Carassius
gibelio

SvA

snail

Eupatorium
makinoi
Potamopyrgus
antipodarium
Carassius
gibelio

SvA

mixed

Ooi and
Yahara (1999)
Paczesniak et
al. (2014)
Pakosta et al.
(2018)

snail

AU

snail

AU

snail

AU

lizard

A

lizard

A

plant

S

crustacean
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Table 1 (Continued)
Ruiz-Gonzalez
and Brown
(2006)
Schmid (1994)

insect

ARR

mixed bee
species

mixed bee
species

SvA

mixed

plant

S

fungus

snail

S

SvA

trematode

plant

A

Solidago
altissima
Bulinus
truncates
NA

SvA

Schrag et al.
(1994)
Siemens and
Roy (2005)
Simkova et al.
(2013)
Strauss and
Karban (1994)
Tobler and
Schlupp
(2005)
Tobler et al.
(2005)
Vergara et al.
(2013)
Vergara et al.
(2014)
Verhoeven and
Biere (2013)
Vernon et al.
(1996)
Weeks (1996)

(C)

mixed

fish

G

monogenean

S

SvA

insect

fish

G

Carassius
gibelio
Erigeron
glaucus
Poecilia
latipinna

SvA

plant

Solidago
altissima
Bulinus
truncates
Arabis
holboelli
Carassius
gibelio
Erigeron
glaucus
Poecilia
Formosa

SvA

mixed

fish

G

mixed

AU

SvA

trematode

snail

AU

SvA

trematode

plant

A

SvA

mixed

bryozoan

B

Poecilia
latipinna
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Taraxacum
officinale
NA

SvA

snail

(C)

myxozoan

fish

G

Poecilia
monacha

SvA

trematode

bird

NA

Poecilia
Formosa
Potamopyrgus
antipodarium
Potamopyrgus
antipodarium
Taraxacum
officinale
Cristatella
mucedo
Poecilia
monachalucida
NA

Buteo spp.

(I)

insect

plant

A

Eupatorium
chinense

Eupatorium
chinense

SvA

virus

Whiteman et
al. (2006)
Yahara and
Oyama (1993)
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Figure 1. Results from mixed-effects meta-analyses on studies comparing parasite loads among sexual
and asexual hosts with studies parsed by different modes of asexual reproduction. Bars on pooled effects
are 95% (confidence intervals) CI, and the number of effect sizes (k) are inside parentheses. Effects to the
left of the dotted line indicate that asexuals have greater parasite loads while those to the right indicate
sexuals have greater loads. Overlap with the dotted (null effect) line indicate no effect (no difference in
parasite loads on sexuals and asexuals). QB is a test for between group heterogeneity, τ2 is between study
variance, γ2 is the variance associated with overrepresentation of effect sizes from single publications, and
φ2 is the variance do to repeated and non-independent effects within studies.
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Figure 2. Effects of parasite loads on sexual and asexual hosts in different host and parasite taxa.
Multiple contrasts were made using different groupings of parasites such as predicted virulence,
parasitism mode, and various approaches to quantifying parasitism load. Refer to Figure 1 for
interpretation of figures and tests.
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Figure 3. Differences of parasite loads on sexual and asexual hosts parsed under different contrasts of
genetic uniformity (e.g., low versus high genetic diversity). Contrasts tested include genetic uniformity,
intraspecific vs interspecific contrasts, the presence of hybrid hosts, and the comparison of ploidy level in
sexuals and asexuals. Refer to Figure 1 for interpretation of tests and model parameters.
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Chapter Two:
Compensatory sex ratios on challenging hosts by an arrhenotokous plant pest

Introduction
Parasites and herbivores undergo strong selection to generate genetically diverse offspring to help track
evolving host populations, to evade their own parasites, and to compete with others (Hamilton et al.
1990). While many parasites are obligate sexual or asexual (Chapter one), many others have obligate
alternation of generations cycling from sexual and asexual phases, such as ampicoplexans between insect
and vertebrate hosts (e.g., Plasmodium; Ankarklev et al. 2014). This alternation allows for genetic
recombination to occur when hosts impose difficult environmental conditions (Smith et al. 2002), or rapid
asexual generation of offspring when environmental conditions are stable (Zhang and Zhang 2006).
Other reproductive modes have less rigid sexual and asexual cycles, and little is known about
when or why parasites adopt mixed or flexible reproductive strategies. For example, in
arrhenotokous (haplodiploid) plant-parasites like spider mites, thrips, and scale insects, females only
originate sexually from fertilized eggs and males asexually from unfertilized eggs (Hartl 1971). Here,
sexual or asexual reproduction is not specifically tied to obligate life cycle phases on different host
species (e.g., Plasmodium), but emerge as a consequence of mating and fertilization (Chapter one).
Further, some arrhenotokous plant-parasites can manipulate fertilization of eggs after mating and thus can
impact sex ratio (e.g., the number of male versus female offspring; Sabelis et al. 2002). Manipulating sex
ratios, can be an advantageous when resources are limited (Trivers and Willard 1973), or when either sex
experience different mortality rates (Wrensch and Young , 1983), given that the working frequency of
mature males and females directly impacts the frequency of sex and thus genetic diversity exposed to
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challenging environmental conditions (see Chapter one). Further, this advantage can be even more
pronounced when population density is low, such as when new hosts are colonized, or when host plants
are toxic, because females can generate their own mates (Sabelis et al. 2002).
Low mating frequency, in terms of Red Queen hypothesis (Chapter one), can translate to low
population genetic diversity and therefore slow responses to environmental selection (Sherman et al.
1988). Therefore, I predict that arrhenotokous plant-parasites optimize male–female ratio of eggs (i.e.,
primary sex ratio) to compensate for challenging environmental effects that differentially impact mortality
of males and females before reaching maturity (i.e., tertiary sex ratio or number of adult males and
females). In other words, a female will produce a greater number of (asexual) male eggs on difficult host
plants (e.g., challenging environments), to compensate for high mortality of males, and thus increasing
opportunities for males to reach maturity and mate with females. Again, in terms of the Red Queen
predictions, while the first generation of offspring would have more individuals (males) produced via
asexual reproduction, more sex would occur in the subsequent generation due to the increased frequency
of males.
The aim of this chapter is to test this compensatory sex-ratio prediction by manipulating host
environments of the arrhenotokous two-spotted spider mite (Tetranychus urticae). More specifically, I
aim to test three predictions: 1) Is there variation in fecundity between mated and unmated females on
different host plants? 2) Does mortality between males and females vary on different host plants? And
finally: 3) Is there a difference in the resulting tertiary sex ratios on different host plants?

A review of arrhenotoky and sex ratios in spider mites
Mated T. urticae females can control fertilization and therefore manipulate the sex-ratio of their eggs
(also known as primary sex ratio), and typically the sex ratio is female-skewed with ranges from 1:2 to
1:9 (♂:♀; Krainacker and Carey 1990). There are several hypotheses as to why sex-ratios vary: these
include incomplete copulations (Helle 1967), genetic polymorphism (Overmeer and Harrison 1969), and
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responses to population density (Wrensch and Young 1978); but see Krainacker and Carey (1990) for a
review.
However, most importantly, sex-ratios are influenced by the host environment (Young et al.
1986). For example, Young et al. (1986) found that benign environments (e.g., less toxic host plants)
for T. urticae resulted in lower primary sex-ratios, while more challenging environments resulted in sexratios that were more heavily female-biased. Another study (Wrensch and Young , 1983) found
increases (decrease in males) from the primary to the tertiary sex ratio of offspring due to poor
environmental conditions—with little to no change in sex ratio when the offspring were reared in benign
environmental conditions. Further, primary sex ratios were slightly lower than tertiary sex ratios,
indicating that more males than females died between the time their egg was laid and reaching adulthood.
Other studies have also shown that males are more susceptible to environmental challenges than females.
In a study of arachnicides, Eroglu et al. (2019) found that male spider mites had greater mortality than
females when exposed to bacterial supernatants. Malenknia et al. (2016) also found that males had a
lower survival rates on cucumber plants—due to their structural and chemical defenses (Fry, 1989). And
similar results were found by Khanamani et al. (2013) on eggplant cultivars; however, in this case there
was significant variability in survival rates of males and females among multiple cultivars (i.e., eggplant
varieties).These findings again emphasize an important link between male and female mortality and sex
ratio manipulation.
Sex ratios are not the only life-history trait that can be influenced by host plant environment—
female fecundity is always heavily moderated. In their study of plant-species effects on spider mites,
Poovizhiraja et al. (2016) found that female fecundity on seven different host plants varied greatly. The
differences in fecundity were directly related to various biochemical and physical factors of the host
plants. For example, fecundity was highest on okra plants which had greatest amount of chlorophyll and
least amount of phenol (anti-herbivore plant defense) concentration, while the opposite was true of
mulberry (low fecundity, low chlorophyll, and high phenol; Poovizhiraja et al. 2016). Similar results were
observed by Mahmoud (2017): spider mites on different host plants had varying degrees of fecundity.
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In summary, I predict that female spider mites modify primary sex ratio (ratio of male to female
eggs) to compensate for differential survival of males and females on toxic host plants (Khanamani et al.
2013; Maleknia et al. 2016). Males tend to have much lower survival rate than females, particularly on
host plants with greater herbivore defenses (Malenknia et al. 2016), but are smaller in size and
presumably easier to produce than females (Krainacker and Carey 1988). Should females not compensate
for higher male mortality, then tertiary sex ratios (number of surviving adult males and females) on
toxic/challenging host plants would be more heavily female-biased due to fewer males reaching maturity.
However, evidence for compensatory primary sex ratios would emerge if tertiary sex ratios, despite high
male mortality, would be similar between benign and toxic host plants. Finally, I also compare the
fecundity of unmated (asexual virgin and strictly male-producing) and mated (both male and female
producing) females to determine if production of male eggs is tied to mating status or host plant toxicity.
If unmated and mated females differ in fecundity, and that this difference varies among host plants, then
this provides insight on the physiological costs associated with producing eggs of either males or females.
This cost offers a competing explanation for tertiary sex ratios: males are simply easier to make, and
when conditions are challenging, invest in the less costly sex.

Materials and Methods
Tetranychus mites and host plants
The two-spotted spider mite, Tetranychus urticae, is a ubiquitous pest of thousands of plant species
(Jeppsen et al. 1975), and are arrhenotokous parthenogenetic (haplodiploid) such that males (haploid)
develop from unfertilized eggs and females (diploid) from fertilized eggs. Males are distinguished from
females by their smaller body size and diamond body shape (Enders 1993). Development of T.
urticae from egg to adult occurs in approximately 10 days (Agrawal 2000), and total lifespan from
hatching to death is 30-40 days (Marinosci et al. 2015). Young et al. (1986) found that host-plant
colonization can be more successful when founded by mated (fertilized) than unmated (virgin) females,
and finally females are dispersers while males are typically sedentary to colonies.
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Two challenging host plants (cucumber, pepper) and two benign host plants (lima bean, cotton)
were used as hosts for T. urticae: Cucumis sativus Var."Marketmore 76" (Ferry-Morse Co.)
(cucumbers), Capsicum annuum var. “California Wonder 300 TMR” (Ferry-Morse
Co.) (peppers), Phaseolus lunatus var. “Fordhook Bush #242” (Ferry-Morse Co.) (lima beans),
and Gossypium hirsutum var. Genuity® Bollgard II® with Round-up Ready® Flex (treated with:
metalaxyl, triadimenol, chloropyrites, and thiram; Dyna-Gro®) (cotton cotyledons). Cucumber plants are
covered in glandular trichomes (hair like protrusions) that make spider mite movement over the plant
difficult (Fry 1989), and have cucurbitacins as a herbivore deterrent (Agrawal 2000); whereas, pepper
plants have phenolics as deterrents (Boeckler et al. 2011; Ghasemnezhad et al. 2011). Following Agrawal
(2000) and Fry (1990), lima beans and cotton are considered benign hosts as they have fewer structural
and phytochemicals defenses with negative effects on spider mite survival and growth. Ten to twenty of
each plant species (number of plants per species variable depending on the size of leaves) were grown
from seed in a growth chamber (SANYO Versatile Environmental Test Chamber) set to 27.5˚C. Seeds
were planted in Sungro Horticulture Professional Growing Mix without fertilizer, and plants were watered
three times weekly. T. urticae were obtained for stock colonies from Dr. Braden Evans (University of
Florida Gulf Coast Research and Education Center in Wimauma, Florida), and were maintained
at USF on cotton cotyledons.

Manipulating mating status of females
Leaf discs were cut with a 20mm diameter cork borer for maintaining either individual or small
populations of spider mites. These discs were placed on top of a water-soaked sponge covered with a thin
layer of cotton that prevented leaf desiccation and movement of spider mites between leaf discs. Spider
mites leaving leaf discs would become entangled and perish. Sponges remained soaked in a tub filled with
water. Ten discs were cut from cotyledons or primary leaves of each of the four host species, and five
female spider mites from stock colonies (maintained on cotton cotyledons) were placed on each
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disc to lay eggs for 48 hours. These eggs were then collected with a fine paint brush and placed on a
13mm leaf disc. This first generation (F1 ) was left to hatch and mature to adulthood for 12 days.
To manipulate the mating status of F1 spider mite females, one female and one male (also F1)
were placed on twenty-five 17mm leaf discs from each plant species to generate “mated” females. These
paired males and females were left for 48 hours to improve mating likelihood, and after this period, males
were removed from leaf discs and females were left to lay eggs for an additional 48 hours. Single
unmated (virgin) were also placed on 25 leaf discs from each host plant (total 50 leaf discs). Virgin
females are individuals that have been isolated from males during their developmental stages before
mating can occur. Each virgin female was left on the leaf discs for 4 days, the same total time mated
females were left on their host plant leaf discs.

Sex-ratio and survival on challenging and benign host plants
Once the 48h egg laying period was complete for both unmated and mated females, all females
were removed from leaf discs and their fecundity was measured as the total number of eggs laid. Egg
clutches (F2 generation) on each leaf disc were then surveyed for 25 days (nearly twice the average eggto-adult generation time of spider mites) and had the number of eggs, larvae, nymphs, inactive spider
mites, adults (males, females), and mortality measured daily. Tertiary sex-ratio, (number of surviving
adult ♂):(number of surviving adult ♀), on each leaf disc was assessed on day 12—a period for which the
spider mites typically reach maturity (ca. 10 days; Agrawal 2000).

Analyses
I analyzed fecundity (egg counts) of unmated and mated spider mite females across four host plants using
a zero-inflated negative binomial generalized linear mixed model (GLMM) implemented by
the glmmTMB package for R (v0.2.3; Brooks et al. 2017). I treated sponge as random factor to control for
individual sponge effects on multiple leaf discs (e.g., dryness), and allowed for zero-inflation to vary
among host species—given that spider mites experienced higher mortality on pepper than other hosts.
32

The emmeans package (v. 1.4; Lenth 2018) was used to estimate least-squares means (LS-means) for
Tukey’s post-hoc contrasts (e.g., when three or more pairwise contrasts were estimated).
I compared mortality (number dead) of male, female, and juvenile spider mites after 12 days
with logistic regressions using the gls() set with a logit link in base R. Regression coefficients of logistic
regression as are expressed as log odds ratios, and values with 95% confidence interval (CI) overlap with
zero indicate non-significant mortality effects. Wald Chi-square tests were used to test the significance of
predictors and these were calculated using the Anova() function from the car R package (Fox and
Weisberg 2019).
I estimated and compared sex ratios (i.e. frequency of males relative to females) with a mixedeffect logistic regression model (with logit function) was implemented with the glmer() function of
the lme4 package (Bates et al. 2014). This model assumed cbind (male, female abundances) as the
response variable, included mother identity as a random-factor to control for maternal effects. A Z-test
from a logistic model including a parity offset (i.e. parity = 0.5) was used to test whether the ratio of male
and females deviated from an equal frequency of observation. Finally, sex ratios and 95% confidence
intervals (CI) were estimated with the predicted values from this logistic model using the glht() function
from the multcomp R package (Hothorn et al. 2014), and then inv.logit() function (generalized inverse
logit function) from gtools R package (Warnes et al. 2013) was used to back-transform CI into a nonlogged ratio scale.

Results
Are there differences in fecundity between mated and unmated females across host plants?
There were no effects on fecundity due to mating status, nor interaction effects between mating status and
host plant species (Figure 4 and GLMM in Table 2; MATING STATUS: Wald’s χ2 = 2.44, d.f. = 1, p =
0.118; MATING STATUS × HOST SPECIES: Wald’s χ2 = 4.06, d.f. = 3, p = 0.259). However, in this
GLMM model, host plant species did significantly moderate fecundity (Figure 4; HOST SPECIES:
Wald’s χ2 = 95.94, d.f. = 3, p < 0.001). Fecundity was highest on lima beans (a benign host) and lowest on
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pepper (a toxic hosts). But there were no differences between cotton (a benign host) and cucumber
(a toxic host); Tukey’s pairwise contrast of unmated spider mites on cotton versus cucumber (Tukey’s
HSD = -0.07, p = 0.999), and Tukey’s contrast between mated spider mites on cotton versus cucumber
(Tukey’s HSD = -2.28, p = 0.305). Overall, when grouping taxa into benign environments (i.e. cotton,
lima bean) versus challenging environments (i.e. cucumber, pepper), fecundity was significantly higher
on benign environments (negative binomial GLMM ENVIRONMENT: Wald’s χ2 = 10.61, d.f. = 1, p =
0.0011; MATING STATUS: Wald’s χ2 = 0.05, d.f. = 1, p = 0.8181; MATING
STATUS × ENVIRONMENT: Wald’s χ2 = 0.29, d.f. = 1, p = 0.587).

Is there greater variability in mortality among males and females?
Mortality across host plants was homogeneous for females, but highly variable for males (Figure 5).
However, mortality was particularly high (> 98%) among spider mites on pepper plants; consequently, in
all following analyses, I exclude data from this host plant to allow for mortality comparisons among other
host species. There was significant variability in male mortality across host plants (logistic regression
HOST SPECIES: Wald’s χ2 = 198.6, d.f. = 2, p < 0.001) and whether their mother was unmated or mated
(MATING STATUS: Wald’s χ2 = 8.3, d.f. = 1, p = 0.004), but there was no interaction effects between
these two predictors of spider mite mortality (HOST SPECIES × MATING STATUS: Wald’s χ2 = 1.36,
d.f. = 2, p = 0.508). In general, males with mated mother experienced greater mortality on all hosts
(Figure 5); however, mortality was greatest on cucumber hosts, and males experienced significantly low
mortality on lima bean. In contrast, although there was significant mortality of females across all host
plants (Figure 5), there were no differences in mortality between the three host plant species (logistic
regression HOST SPECIES: Wald’s χ2 = 4.26, d.f. = 2, p = 0.126). Note that unmated females only
produce male offspring, and therefore there are no females in the “unmated” group to analyze. Finally,
juvenile mortality was relatively low among host plants (Figure 5; logistic regression HOST SPECIES:
Wald’s χ2 = 48.95, d.f. = 2, p < 0.001; MATING STATUS: Wald’s χ2 = 0.98, d.f. = 1, p = 0.321; HOST
SPECIES × MATING STATUS: Wald’s χ2 = 5.01, d.f. = 2, p = 0.082).
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Are there tertiary sex-ratio differences among benign and toxic host plants?
Overall across host species, males were less frequent than females (Figure 6), and in general using a
mixed-effect logistic regression, sex ratios typically deviated from parity with a female-bias in both
benign hosts (cotton with 28♂:41♀; lima bean with 101♂:205♀), and among the more toxic cucumber
(10♂:23♀). Finally, there was no difference in these female-biased sex ratios across the three host plant
species (HOST SPECIES: Wald’s χ2 = 1.49, d.f. = 2, p = 0.475).

Discussion
I aimed to answer three questions. Does fecundity between mated and unmated females differ between
host plant species? Does mortality differ between males and females on benign and challenging host
plants? And finally, do tertiary sex ratios differ among benign and challenging host plants? I found that
fecundity and male mortality are strongly influenced by host plant species—but that there were no
fecundity effects due to mating status, and that female mortality and female-biased sex ratios were
consistent across benign and challenging hosts.
The Red Queen hypothesis predicts that sex is maintained in populations in order keep genetic
diversity high (Hamilton et al. 1990)—this high genetic diversity is necessary to help resist selection from
challenging environments. In the Tetranychus spider mite system used in this study, males are the result
of unfertilized eggs (asexual reproduction), females from fertilized eggs (sexual
reproduction) (Krainacker and Carey 1990), and mated females can alter egg fertilization and impact the
sex ratio of populations. Although males are produced asexually, and are genetically homogeneous, the
proportion of males in a population impacts the genetic diversity of subsequent generations due to
increased mating/fertilization opportunities (Enders 1993). If females were not manipulating sex ratios, I
predicted that tertiary sex ratios would reflect the toxicity of the host plant and sex ratios would be more
heavily female-biased on challenging hosts than sex ratios observed on benign host
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environments. However, the sex ratios of spider mites on lima bean, cotton, and cucumber plants did not
significantly differ (Figure 6), despite evidence that male mortality varied significantly across host plants,
which aligns with my prediction based on the Red Queen hypothesis (Krainacker and Carey 1990).
Due to compensatory sex ratios by females in challenging conditions, sex ratios were
consistently female-biased across host plants with approximately 1:2 ratios (♂:♀; see Figure 6). But why
is it consistently female-biased? Local mate competition (or LMC) was proposed by Hamilton (1967) to
help make predictions of sex ratios when male competition for mates is high—such as when there only
one or a few founding females. Due to the large amounts of competition, females may produce more
female offspring, whereas in areas that have a greater number of founding females and less male-male
competition, the sex ratios are more equal or 1:1 (Macke et al. 2012). Previous studies
with Tetranychus mites (as well as other haplodiploid taxa), have demonstrated that females can adjust
sex ratios in response to LMC (Wrensch and Young 1978; Roeder et al. 1996; Macke et al. 2012). In my
study, the isolation of single mated females on a leaf disc may simulate LMC conditions, thus triggering
this baseline of female-biased sex ratios across host plants.
Unfortunately, Iwas unable to determine sex ratios or mortality rates on pepper plants due to
high spider mite mortality in the beginning steps of my fecundity assays. Approximately 40% of the
females on pepper leaf discs died during the initial egg-laying period (F1 generation). Of these females
that died, most were due to leaving the leaf disc. This led to a decrease in the number of male and female
offspring available for mating. Additionally, of 200 eggs, only 50 hatched and developed into adult males
and females. Six of those adults were males and 44 were female. When transferring males to their leaf
discs for mating with females, one male was lost. This resulted in only 5 replicates for the mated
treatment during the pepper plant trial. Additionally, on 4 of the 5 discs designated for mating, both the
male and female died due to leaving the leaf disc. On the fifth disc, the male died prior to mating with the
female. Due to these factors, there are no data for sex ratios on pepper plants. This high mortality and low
fecundity on pepper may be due to several challenges. Females may choose to leave the pepper discs
rather than feed due to high plant toxicity (Wolfson 1988; Hildman et al. 1992; Rohwer and Erwin 2010).
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Further, cutting of the pepper leaf discs may have induced additional defenses that would further deter
spider mites, resulting in many adults leaving the disc (death via dispersal behavior) and many juvenile
mites perishing (death via feeding toxicity) before reaching adulthood. Rohwer and Erwin (2010) found
that in plants where herbivore defenses were induced by methyl jasmonate (methyl jasmonate is a plant
hormone that can elicit herbivore defenses), spider mites were more likely to disperse from the host plant
than in plants with no methyl jasmonate applied. Finally, why the disproportionally higher fecundity and
survivorship on lima beans? In my study, when performing the fecundity assays, the majority of lima
bean discs were derived from larger primary leaves. In lima bean plants, unlike pepper plants, primary
leaves have a higher concentration of volatile organic compounds, which act as indirect defenses against
herbivores (enemy attractants), while there is little concentration of cyanide, a direct herbivore defense
(Ballhorn et al. 2008b).
Arrhenotoky and sex ratio control is common among arthropods—particularly among plant
pests (Krainacker and Carey 1990), and given that host plants have many structural and chemical defenses
(Agut et al. 2018), the greater genetic diversity that emerges from sex ratio control can allow for more
rapid evolution to these defenses (Agrawal 2000). Further, in plant pests like Tetranychus, sex ratio
directly impacts the number of females dispersing and colonizing new hosts (Wrensch 1978). The number
of females present in a population will also influence population growth; more females mean more
offspring produced, both sexually and asexually (Khanamani et al. 2012). Generally, the Red Queen
Hypothesis predicts that genetic diversity is required for taxa to adapt to a changing biotic environment
(Bell 1982; Song et al. 2012), resulting in sexual reproduction to be favored over asexual reproduction
(Salathe et al. 2008). While in the Tetranychus system, increased asexuality (male production) is favored
on more toxic host plants or more challenging environments, increased sexual reproduction will occur in
future generations (Enders 1993). Future research should aim to perform longitudinal studies that track
long-term population consequences of combined effects of asexual reproduction and sex ratio adjustment
to see how they impact host use of pest populations. Finally, there is another poorly studied advantage of
arrhenotokous reproduction that should be explored: it directly exposes unfavorable alleles to selection.
37

Here, poorly host-matching males are predicted to be quickly eliminated from the population due to their
haploid (single copy) genotype (See Chapter one; Crozier 1985). Exposing haploid alleles directly to
selection in one way in which rapid evolution can occur, and perhaps another reason why arrhenotoky is a
common trait of plant pests.
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Table 2. Regression coefficients and standard errors (S.E.) of zero-inflated negative-binomial GLM
mixed-model comparing fecundity of mated and unmated spider mite females on four host plant species
(number of eggs laid in 48 hours). This model includes zero-inflation varying by host species and sponge
as a random-effect. The model intercept references fecundity of unmated spider mite females on cotton
leaves.
Model factors

Coefficients

S.E.

z

p

FULL MODEL *
overdispersion parameter for Type I negative binomial model = 3.4
zero-inflation = -2.57±0.60SE (intercept) - 1.31±1.19SE (cucumber) - 1.32±1.17SE (lima bean) + 1.43±0.80SE (pepper)
random effects: SPONGE (var = 0.004 ± 0.06 SD)

Intercept

2.85

0.122

23.4

<0.001

MATING STATUS: mated

0.25

0.162

1.6

0.118

HOST: Cucumber

0.01

0.165

0.07

0.944

HOST: Lima Bean

0.84

0.145

5.8

<0.001

HOST: Pepper

-0.90

0.233

-3.9

<0.001

MATING STATUS × HOST: Cucumber

-0.36

0.225

-1.6

0.107

MATING STATUS × HOST: Lima Bean

-0.38

0.198

-1.9

0.056

-19.06

3989.6

-0.005

0.996

MATING STATUS × HOST: Pepper

* Full Model: FECUNDITY ~ MATING STATUS + HOST SPECIES + MATING STATUS × HOST SPECIES + (1 | SPONGE)
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Figure 4. Least squares mean of fecundity (± SE) of mated and unmated (i.e. virgin) females on four host
plant species. Fecundity of each female was determined by counting the number of eggs laid after 4 days
total (2 days for mating and 2 days after the males was removed for mated females). Circles = cotton
plants, Triangles = Cucumber plants, Squares = Lima Bean plants, and Crosses = Pepper plants.
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Figure 5. Log odds ratio ± 95% CI of mortality of female, male, and juvenile offspring of mated and
unmated (virgin) mothers on three host plant species. Pepper was excluded from this analysis due to the
disproportionality high mortality. Note that no females are present on discs that had unmated mothers
(females are the result of sexual reproduction). Red circles = Cotton plants, Green triangles = Cucumber,
Blue squares = Lima Bean.
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Figure 6. Sex ratios ± 95% CI of offspring from mated mothers on three host plant species. Sex ratio was
determined from mite counts on Day 12 after the Egg laying period. Pepper was excluded from this
analysis due to no offspring being produced by mated females (thus only males were produced). The
dotted line indicates a sex ratio that does not deviate from parity (1♂:1♀). Values that occur below the
dotted line indicate that a sex ratio is female biased while values that occur above the dotted line indicate
that a sex ratio that is male biased.
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Chapter Three:
Interspecific but not intraspecific hybrids have greater parasitism loads than parental taxa

Introduction
Hybridization is a key mechanism that generates genetic diversity—with hybrids often being more
genetically diverse and distinct from parental taxa (i.e. genetic admixture; Rhymer and Simberloff 1996;
Whitham et al. 1999). Given that the Red Queen Hypothesis predicts that genetically diverse hosts are
better at evading rapidly evolving parasites or herbivores (Chapter one), then it has been suggested that
hybrids may be more resistant and have fewer parasites than parental hosts (Joly et al. 2007). As seen
among hybridizing oaks where parental taxa can have greater diversity and density of insect herbivore
pests (Boecklen and Spellenberg 1990), and among fish hybrids with fewer species of monogenean
parasites than parental hosts (El Gharbi et al. 1992).
However, many other studies find trends in parasitism that conflict with Red Queen predictions
on hybrid resistance. For example, Jackson and Tinsley (2003) found a hybrid system where frog hybrids
had intermediate parasite loads between a parent species with no parasites and the other with nearly 75%
of the population parasitized. In contrast, Whitham (1989) found a hybrid zone where aphid pests were
greater on hybrids than parental cottonwoods, and similarly, Mee and Rowe (2006) found that fish
hybrids were more infected than their parent species. Further, sometimes hybrids will have parasitism
loads equal to only one parental species (see Fritz et al. 1994; Orians et al. 1997). In fact, within a single
hybrid system, all of these conflicting trends in parasitism among hybrids and parental hosts can occur
(see Fritz et al. 1994).

43

Fritz et al. (1994; 1996) categorized this diversity of parasitism outcomes with emphasis on
multiple hypotheses (summarized in Figure 7) applying more nuanced genetics regulating hybrid
susceptibility or resistance (Fritz et al. 2003; Wolinska et al. 2007). For example, first generation hybrids
(F1) can either have: (a) additive genetic effects resulting in intermediate resistance relative each parent,
(b) dominance effects where resistance is inherited from only one parent, or (c) overdominance effects
resulting in resistance heterosis (i.e. hybrids having greater resistance than either parent; Fritz et al. 2003).
Therefore, hybrids may not be necessarily genetically heterogeneous to parents, and may not have the
predicted advantage to parasite-mediated selection (i.e., targeted selection on genetically homogeneous
hosts; Fritz et al. 2003). Further, degrees of hybridization can also differ within host populations, where
the genetic composition of hosts can include non-hybrid parents, F1 (first-generation) hybrids, and other
advanced hybrid generations, such as introgressed hosts (i.e. hybrids backcrossed with non-hybrid
parental taxa) and hybrid-hybrid offspring (i.e. multicrossed hybrids). Although it is predicted that F1
hybrids should be more resistant to parasites, multicrossed hybrids and introgressed hybrids may not,
since they have undergone multiple recombination events that can break-up well adapted resistance
genotypes (Fritz et al. 2003).
This complexity of hybrid resistance is a problem for Red Queen predictions, since it introduces
considerable variability in parasite loads among non-hybrids and hybrids, thus making it challenging to
formulate clear predictions on the strength and direction of parasite-mediated selection. Here, I use metaanalysis to synthesize parasite and herbivore loads on hybrids relative to parents and aim to discern
possible sources of heterogeneity that can moderate trends in resistance variability among hybrids.
Previous narrative reviews have primality focused on plant pests and herbivores (Fritz et al. 1994;
Strauss 1994; Orians et al. 1997; Whitham et al. 1999); however, others compiled effects of animal
hybrid hosts on their parasites (Rhymer and Simberloff 1996; Moula 1999). I aim to unify these
literatures, to test overall whether hybrid offspring have lower parasite and herbivory loads due to the
increased heterozygosity (heterosis) occurring from hybridization—a prediction key to the Red Queen
hypothesis given that hybrids inherit a diverse mixture of physical and/or genetic traits from both parental
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species that enhance resistance (Theodosopoulos et al. 2019). Second, I test whether plant and animal
hosts differ in trends of parasitism, given that plants have secondary metabolites and structural defenses to
deter herbivores (Bourgaud et al. 2001; Fry 1989), and animal hosts have adaptive immune systems
(Theodosopoulos et al. 2019). This difference in resistance mechanisms, as well as the heritability and
genetics of these mechanisms, may yield different trends in parasite/herbivore loads in plants and animals
(Moulia 1999).
Finally, I also test potential moderators of experimental outcomes that can introduce variability
in study findings. For example, field studies may offer more accurate representation of host-parasite
dynamics in hybrid zones since parasitism can be measured across multiple classes of hybrids (i.e. F1,
introgressed, multicrossed); whereas manipulated (lab) experiments, typically only test parasitism among
F1 (Fritz et al. 1999). Further, studies using genetic tests to distinguish between hybrids and parental
species and between hybrid classes (i.e. F1, introgressed, multicrossed) may offer more accurate results
than compared to studies using morphology differentiate taxa (which can be more susceptible to
identification mistakes due to using continuous traits for delineating taxa; Fritz et al. 1994). Finally, there
is a large animal breeding and horticultural literature than aims to breed hybrid resistance to parasites or
herbivores. I include these studies in my synthesis as they allow for clear contrasts between magnitudes of
genetic differences among hybrid offspring—given that presumably between-species (interspecific)
hybrids will be more genetically diverse than hybrids from crossing animal breeds or plant varieties from
the same host species (i.e. intraspecific hybrids).

Methods
Collecting, Screening, and Extracting Parasite Loads on Hybrid Hosts
A literature search was completed on December 12, 2018 on the Web of Science (University of South
Florida Tampa Library subscription) using the search terms: (hybrid* OR heterosis OR heterotic OR
"hybrid vigor" OR "outbreeding enhancement") AND (parasit* OR herbivor* OR pest* OR pathogen*).
This search returned 474 results. The titles and abstracts of these candidate studies were screened using
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abstract_screener() from the metagear package for R (v. 0.4; Lajeunesse 2016), and to be included in my
meta-analysis, studies needed to provide a clear pairwise comparison of parasitism and/or herbivory
between parental and hybrid taxa. One-hundred and forty-six studies described this pairwise contrast;
however, 52 studies were dropped after screening of their full-text due to not reporting a quantitative
contrast of parasite load or herbivory (e.g. prevalence, intensity, or richness) on hybrids and non-hybrid
parental hosts, or the lineage of hybrids and parents were not clear. Studies reporting data on a single
parent and hybrid contrasts were included.
Overall, pairwise hybrid-parent contrasts in parasitism were extracted from 91 studies (Table 3);
the Microsoft PowerPoint measuring tool was used to extract data only available in graphical format.
Information about each hybrid system was also extracted to formulate moderator tests for these contrasts,
these included: the broad class of parasite (herbivore or parasite), the degree of hybridization (i.e. F1, F2,
introgressed, multicrossed), whether studies were conducted in the field, or laboratory, or common garden
experiments, the procedure used to differentiate between parent and hybrid taxa from one another (i.e.
morphological traits, genetic testing, controlled breeding), and finally whether hybrids originated from
interspecific crosses (i.e. between species or subspecies) or intraspecific crosses (i.e. between breeds,
varieties, cultivars).

Hybrid Networks as Dependent Effect Sizes
Pairwise contrasts (i.e. differences) in parasite load among hybrids and multiple parents were estimated
with a multigroup variant of Hedges’ 𝑑 effect sizes (Hedges 1981) that accounts for effect sizes sharing
common host group comparisons. This occurs in all hybrid networks since parasite loads of hybrids (H)
are compared to loads observed on two parental taxa (P1 and P2 ). Repeatedly using the same hybrid host
group across multiple effect sizes introduces statistical dependencies among these effects that can
increase the type II errors of meta-analysis (Lajeunesse 2011). Therefore, following Olkin and Gleser
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(2009) and Brace et al. (2017), I modeled the corrected variance (𝜑̂𝑖𝑖 ) and covariance (𝜑̂𝑖𝑗 ) of multiple
common-hybrid Hedges’ 𝑑̂ as:
1

1

𝑑̂ 2

𝜑̂𝑖𝑖 = 𝑛 + 𝑛 + 2𝑛𝑖 ∗
𝑖

1

𝜑̂𝑖𝑗 = 𝑛 +

and

H

H

𝑑̂𝑖 𝑑̂𝑗
2𝑛∗

,

where 𝑛∗ = 𝑛H + ∑𝑚
𝑖=1 𝑛𝑖 , 𝑚 is the number of parental hosts, 𝑛 is the sample size of a group mean, and 𝑖
and 𝑗 designate the multiple effect sizes that share the common hybrid (H) mean: 𝑌̅H . Finally, the multitreatment Hedges’ 𝑑̂ uses the pooled variances from all 𝑚 treatment groups such that
𝑌̅ −𝑌̅
3
𝑑̂𝑖 = 𝑖 𝑆 H [1 − 4(𝑛∗ −𝑚)],

which used the pooled standard deviation (𝑆𝐷) of all means as:
2 +∑𝑚 (𝑛 −1)𝑆𝐷2
(𝑛H −1)𝑆𝐷H
𝑖=1 𝑖
𝑖

𝑆=√

𝑛H −1+ ∑𝑚
𝑖=1(𝑛𝑖 −1)

.

Note that when 𝑚 = 1, there is no covariance between effect sizes (𝜑̂𝑖𝑗 = 0), and 𝑑̂ and 𝜑̂𝑖𝑖 simplify to
the original pairwise formulation of Hedges’ 𝑑 (Hedges 1981). Prior to estimating all pairwise effect
sizes, studies with means and sample sizes but missing 𝑆𝐷 were imputed using Bracken’s (1992) method
implemented by the metagear R package (Lajeunesse 2016), and log odd ratio (OR) effect sizes were
converted to 𝑑̂ prior to variance/covariance estimation following Lajeunesse (2013): 𝑑̂ = OR√3/𝜋.
Finally, covariance among two 𝑑̂ effect sizes were then included as off-diagonals in the main the
sampling-error variance-covariance matrix (𝛆; see Meta-analysis of parasite loads on hybrid pedigrees)
used in the weighting of effect sizes in meta-analysis (see Lajeunesse 2011).

Meta-analysis of parasite loads on hybrid pedigrees
I used a mixed-effects meta-analysis to combine and compare 𝑑̂ effect sizes. In matrix notation, the
hierarchical model used is:
𝐝̂ = 𝐖𝛃 + 𝛆 + 𝜑2 + 𝛾 2 + 𝜏 2 ,
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where 𝐝̂ is a column vector of 𝑘 number of Hedges’ 𝑑̂ effect sizes, 𝐖 a regression design matrix of 𝑝 + 1
size with the first column modeling the intercept (column vector of ones) and remaining 𝑝 number of
columns modeling fixed-effect covariates (see Moderator groups and hypothesis tests), and finally 𝛃 is a
column vector of regression coefficients of 𝑝 + 1 size. The weights of each effect size are defined in a
block diagonal variance-covariance matrix 𝛆; where the main diagonal contains the individual variances
of each effect size estimated as 𝜑̂𝑖𝑖 and the covariances (𝜑̂𝑖𝑗 ) between effect sizes that share a common
host in off-diagonals (defined in Hybrid Networks as Dependent Effect Sizes). This model also assumed
three random-effects components. The first random-effects component models the classic between-study
variance component (𝜏 2 ) included in all random-effects meta-analyses (Koricheva et al. 2013), the second
models multiple (non-independent) hybridization networks within studies (e.g. multiple sampling
locations, years; 𝛾 2 ), and the third models the overrepresentation of multiple effect sizes from single
studies (𝜑2 ).
This mixed-effects meta-analysis model was implemented in R (v. 3.3.3; R Core Team 2017)
using the rma.mv function from the metafor package (v. 1.9-9; Viechtbauer 2010), with models fitted
using sparse matrix objects, and random-effects components (𝜑 2 , 𝛾 2 , and 𝜏 2 ) estimated via restricted
maximum-likelihood (REML) with the limited-memory Broyden–Fletcher–Goldfarb–Shanno
optimization algorithm (L-BFGS-B) implemented by the optimParallel optimizer package for R (Gerber
and Furrer 2019). Confidence intervals (CI) not overlapping with zero indicate significant non-zero
effects within pooled groups, Wald-type z-tests were used to compare differences among two groups of
pooled effects arising the same model, and omnibus 𝑄 B tests were used for test multi-group differences
(see Hedges and Olkin 1986). Finally metafor’s regtest() function was used to implement Egger’s test for
publication bias (Egger et al. 1997).
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Results
Synthesis Composition, Methodological Confounds, and Publication bias
In total, 11,597 pairwise contrasts of parasite load (i.e. 𝑑̂ effect sizes) were estimated for 568 hybrid
networks belonging to 367 non-independent groups across 91 studies (Table 3). There were also no
differences in effects due to effect size conversions from odds ratios (converted effect sizes: pooled 𝑑̂ =
0.203, 95%CI = [0.087, 0.319], k = 6413; unconverted effect sizes: pooled 𝑑̂ = 0.125, 95%CI = [0.048,
0.203], k = 5184), or due to parasite load being measured via field or laboratory experiments (field
studies: pooled 𝑑̂ = 0.118, 95%CI = [0.049, 0.188], k = 1344; garden studies: pooled 𝑑̂ = 0.103, 95%CI =
[-0.081, 0.287], k = 5305; lab studies: pooled 𝑑̂ = 0.316, 95%CI = [0.149, 0.482], k = 4948). However,
there was significant variability due to various within-study approaches for differentiating hosts as
hybrids (e.g., using morphological or genetic tests; Figure 9). Finally, although Egger’s test indicate
publication bias among hybrid-parent and parent-parent effect sizes (Figure 8), this test assumes
simplistic (fixed-effect) modelling of effect size variability, and thus cannot offer reliable inferences of
publication bias due to my effects having a predefined complex hierarchical structure due to the effect
sizes being interdependent within hybrid networks.

Parasite Loads on Hybrid versus Parental Hosts
Hybrids (F1 generation from non-hybrid parent-parent crosses) and multicrossed hybrids (i.e., F2, F3, or
more, hosts from hybrid-hybrid crosses) had greater parasite loads on average than non-hybrid parental
hosts (Figure 10). Introgressed hybrids (F1 generation from a hybrid-parent cross) had similar parasite
loads than parental hosts , but there were no differences in parasite loads between hybrids and
introgressed or multicrossed hosts (see Figure 10). Finally, there were significant differences in parasite
loads within parents (e.g. parent-parent contrasts in parasitism), hybrids, introgressed hosts, but not
among multicrossed hosts (Figure 10).
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Differences between Interspecific and Intraspecific Hybrid Networks
When parsing studies by interspecific (hybrids from different parent species) and intraspecific cross types
(hybrids from different breeds or varieties of the same host species), interspecific hybrids had greater
parasite loads than their parental species; whereas, intraspecific hybrids tended to have smaller or similar
parasite loads than parental breeds (Figure 11; CROSS TYPE: 𝑄 B = 4.67, d.f. = 1, p < 0.0303; HYBRID
CONTRAST: 𝑄 B = 130.9, d.f. = 9, p < 0.001; HYBRID CONTRAST by CROSS TYPE: 𝑄 B = 60.38, d.f.
= 8, p < 0.001). In particular, hybrids with interspecific parents had significantly greater parasite loads
than parents; whereas hybrids with intraspecific parents did not differ in parasitism loads . These two
groups differed from one another (Figure 11).

Variation Due to Host and Parasite Class
Among host taxa, both invertebrate and plant hosts had contrasts with significant parasite loads (Figure
12a) but not among vertebrate hosts. Finally, there were differences among parasite taxa (Figure 12b),
only parasitic fungi, endoparasites, and herbivore had pooled effects that were significantly different from
zero.

Discussion
In general, hybrid fitness can be explained either via hybrid vigor or hybrid breakdown (Johansen-Morris
and Latta 2006). Hybrid vigor is expected to occur due to increased heterozygosity (Johansen-Morris and
Latta 2006); whereas hybrid breakdown arises due to the breaking up of well adapted genotypes,
maladaptive trait combinations, or epistatic interactions between genes, all potentially yielding hybrids
with lower fitness (Rhode and Cruzan 2005). The breaking up of well adapted genotypes is particularly
detrimental when considering resistance to parasites or herbivores (Strauss 1994). My synthesis provides
evidence of hybrid breakdown in two ways. First, overall, across 91 studies, hybrids had greater
parasitism or herbivory than parental taxa. Second, hybrid breakdown is absent or less apparent among
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intraspecific hybrid systems. Here although breeding outcomes are unknown, host taxa used in breeding
experiments are often a priory selected based on beneficial traits (accentuating hybrid vigor and
outcrossing as a breeding goal). This selection also negatively disrupts how functional the Red Queen
hypothesis is at predicting parasitism trends in these systems—given that parental hosts are not
necessarily “well-adapted” genotypes that have evolved through a history of parasite endemism and
selection. Given that hybrids are more parasitized, this difference in susceptibility can impact parasitehost evolution in many ways. For example, hybrids can act as pest sinks (Whitham 1989), which can
slow-down or limit parasite-mediated selection on parental taxa. Alternatively, hybrids can act as a bridge
between parental taxa (Floate and Whitham 1993) providing opportunities for parasites to adapt on
resistant host species because hybrids can inherit susceptible traits from another parental host.
Again, my meta-analysis found hybrid breakdown occurring among F1 hybrid crosses (Figure
10). But I also found that this breakdown is lessened among introgressed hybrids (hybrids crossed-back
with parental taxa) but accentuated among multicross hybrids (e.g. hybrids crossed with hybrids; Figure
10). This is expected given that introgressed hybrids are more closely related to one parental host, and
that multicross hybrids are more parasitized than F1 hybrids due to multi-generation recombination of
heterozygous genotypes (Johansen-Morris and Latta 2006). However, Johansen-Morris and Latta (2006)
predict a limit to this negative impact of multi-generation recombination; where for example, they
estimated that F6 hybrids will only be 3% heterozygotic, and that this low heterozygosity would result in
host genotypes that are more similar to one of the parent species.
However, in this meta-analysis, I was unable to test this hypothesis given it is not possible parse
out which parent had the greater number of parasites or distinguish parent identity when contrasting
parasitism loads with hybrid offspring. This is due to studies not reporting the maternal/paternal identities
of parental taxa. It may also be that multicross hybrids have more similar parasitism loads to one parent
versus the other due to increased homozygosity (see Figure 10; Fritz et al. 1994). Future meta-analyses
should seek to account for parent identity when devising parent-hybrid contrasts in parasite load; this
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would help identifying whether hybrid systems tend to have more additive or dominant genetic models of
host susceptibility (see Figure 10; Fritz et al. 1994).
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Table 3. Summary of publications used in this meta-analysis of hybrids and their parasites/herbivores.
Many studies included multiple crosses of parent species, creating various hybrids and hybrid types.
P1xP2 = cross between two parent species (i.e. F1 hybrid), p = Parent species, PxF1 = cross between
parent species and F1 hybrid (i.e. introgressed hybrid), F1xF1 = cross between two F1 hybrids (i.e. F2
hybrid), F2xF2 = cross between two F2 hybrids (i.e. F3 hybrid), F3xF3 = cross between two F3 hybrid
(i.e. F4 hybrid), and F4xF4 = cross between two F4 hybrids (i.e. F5 hybrid). Studies in which parasite
type is Mixed reported data for multiple types of parasites.
Host
Species

Host Type

Parasite Type

Quercus sp.

Plant

Herbivore

Baker et al. (2003)

Ovis aries

Vertebrate

Endoparasite

Bangert et al. (2005)

Populus sp.

Plant

Herbivore

Boecklen and
Spellenberg (1990)
Bog et al. (2017)

Quercus sp.

Plant

Herbivore

Senecio sp.

Plant

Herbivore

Busby et al. (2013)

Populus sp.

Plant

Fungus

Campbell et al.
(2002)
Carlsson-Granér et
al. (1999)
Cheng et al. (1995)

Ipomopsis sp.

Plant

Herbivore

Linum sp.

Plant

Fungus

Solanum sp.

Plant

Herbivore

Christensen et al.
(1995)
Cisneros-Lopez et
al. (2007)
Cohen et al. (2003)

Pinus sp.

Plant

Herbivore

Sorghum bicolor

Plant

Fungus

Oryza sp.

Plant

Herbivore

Derothe et al. (1999)

Mus musculus

Vertebrate

Endoparasite

Derothe et al. (2004)

Mus sp.

Vertebrate

Endoparasite

Dhillon et al. (2006)

Sorghum bicolor

Plant

Herbivore

Publication

Aguilar and
Boecklen (1992)

Number of crosses
and parent species

P1xP2: 1
P: 2
PxF1: 2
P1xP2: 2
P: 2
PxF1: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 2
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 2
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 2
P: 3
F1xF1: 2
F2xF2: 2
F3XF3: 2
P1xP2: 4
P: 4
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Table 3 (Continued)
Dias et al. (2004)

Cucumis melo

Plant

Fungus

Theobroma cacao

Plant

Fungus

Dubautia sp. and
Aryroxiphium sp.
Eucalyptus sp.

Plant

Herbivore

Plant

Herbivore

Platycercus elegans

Vertebrate

Virus

Typha sp.

Plant

Herbivore

Finlay-Doney and
Walter (2005)
Flint-Garcia et al.
(2009)
Floate et al. (1993)

Leucaena sp.

Plant

Herbivore

Zea mays

Plant

Herbivore

Populus sp.

Plant

Herbivore

Floate et al. (1997)

Populus sp.

Plant

Herbivore

Floate et al. (2016)

Darevskia sp.

Vertebrate

Endoparasite

Floate et al. (2016)

Populus sp.

Plant

Herbivore

Cercidium sp.

Plant

Herbivore

Djocgoue et al.
(2007)
Drew and Roderick
(2005)
Dungey et al. (2000)

Eastwood et al.,
(2014)
Eisenbach (1996)

Fox et al. (1997)
Frisch and O’Neill
(1998)
Fritz et al. (1994)

Bos sp.

Vertebrate

Mixed

Salix sp.

Plant

Herbivore

Fritz et al. (1997)

Salix sp.

Plants

Herbivore

Mytilus sp.

Invertebrate

Endoparasite

Gange (1995)

Alnus sp.

Plant

Herbivore

Gettova et al. (2016)

Barbus sp.

Vertebrate

Mixed

Graham et al. (1995)

Artemisia tridentata

Plant

Herbivore

Graham et al.
(2001a)

Artemisia tridentata

Plant

Herbivore

Graham et al.
(2001b)

Artemisia sp.

Plant

Herbivore

Lolium multiflorum

Plant

Mixed

Haussmann et al.
(2001)
Hess and Ejeta
(1992)

Sorghum bicolor

Plant

Ectoparasite

Sorghum bicolor

Plant

Plant

Hielscher et al.
(2006)
Idris et al. (2011)

Ovis aries

Vertebrate

Endoparasite

Ovis aries

Vertebrate

Endoparasite

Iraqi et al. (2003)

Mus sp.

Vertebrate

Endoparasite

Fuentes et al. (2002)

Gundel et al. (2012)

P1xP2: 1
P: 2
PxF1: 2
F1xF1: 1
P1xP2: 20
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
F1xF1: 1
P1xP2: 1
P: 3
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 25
P: 26
P1xP2: 1
P: 2
PxF1: 1
P1xP2: 1
P: 1
P1xP2: 2
P: 2
PxF1: 4
P1xP2: 1
P: 3
P1xP2: 1
P: 2
P1xP2: 15
P: 4
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 4
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
PxF1: 2
P1xP2: 1
P: 2
PxF1: 2
P1xP2: 1
P: 2
PxF1: 2
P1xP2: 8
P: 2
P: 1
F1xF1: 1
P1xP2: 1
P: 2
PxF1: 2
F1xF1: 1
P1xP2: 2
P: 2
P1xP2: 4
P: 1
P1xP2: 1
P: 2
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Table 3 (Continued)
Joshi et al. (2004)

Lycopersicon
esculentum
Heteronotia binoei

Plant

Fungus

Vertebrate

Ectoparasite

Panicum vigatum

Plant

Herbivore

Rutilus sp. and
Abramis sp.
Barbus sp.

Vertebrate

Ectoparasite

Vertebrate

Ectoparasite

Populus sp.

Plant

Fungus

Ovis aries

Vertebrate

Endoparasite

Maciel at al. (2011)

Solanum pennellii

Plant

Herbivore

Martinsen et al.
(2000)
Marton et al. (2009)

Populus sp.

Plant

Herbivore

Zea mays

Plant

Herbivore

Matsumoto et al.
(2012)
Maynard et al.
(2016)
McIntyre and
Waterway (2002)
McIntyre and
Whitham (2003)
Messina et al. (1996)

Brassica rapa
pekinensis
Salmo sp.

Plant

Endoparasite

Vertebrate

Ectoparasite

Carex sp.

Plant

Fungus

Populus sp.

Plant

Herbivore

Artemisia tridentata

Plant

Herbivore

Mus sp.

Plant

Fungus

Sorghum bicolor

Plant

Herbivore

Mus musculus

Vertebrate

Endoparasite

Mus musculus

Vertebrate

Endoparasite

Mus musculus

Vertebrate

Endoparasite

Quercus sp.

Plant

Herbivore

Brassica sp.

Plant

Endoparasite

Eucalyptus globulus

Plant

Herbivore

Salix sp.

Plant

Herbivore

Populus sp.

Plant

Herbivore

Parris (2004)

Rana sp.

Vertebrate

Fungus

Pascolini et al.
(2003)
Planade et al. (2009)

Rana sp.

Vertebrate

Fungus

Rana sp.

Vertebrate

Endoparasite

Porter and Briano
(2000)
Prayaga (2003)

Solenopsis sp.

Invertebrate

Parasitoid

Bos sp.

Vertebrate

Ectoparasite

Preszler and
Boecklen (1994)

Quercus sp.

Plant

Herbivore

Kearney and Shine
(2004)
Koch et al. (2014)
Krasnovyd et al.
(2017)
Le Brun et al. (1992)
LeBoldus et al.
(2013)
Li et al. (2001)

Mobambo et al.
(1993)
Mohammed et al.
(2016)
Moulia et al. (1995)
Moulina et al.
(1991)
Moulina et al.
(1993)
Nakamura et al.
(2010)
Niemann et al.
(2017)
O’Reilly-Wapstra et
al. (2005)
Orians et al. (1997)
Paige and Capman
(1993)

P1xP2: 45
P: 10
P1xP2: 3
P: 3
P1xP2: 2
P: 2
P1xP2: 2
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 4
P: 5
P1xP2: 1
PxF1: 1
P1xP2: 1
P:1
P1xP2: 7
P: 8
P1xP2: 2
P: 2
P1xP1: 1
P: 2
P1xP2: 1
P: 2
F1xF1: 1
P: 2
P1xP2: 3
P: 1
P1xP2: 90
P: 10
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 4
P: 5
P1xP2: 1
P: 2
F3xF3: 15
F4xF4: 6
P: 2
P1xP2: 2
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 1
PxF1: 4
P1xP2: 1
P: 2
P1xP2: 1
P: 1
P1xP2: 1
P: 1
P1xP2: 1
P: 1
P1xP2: 9
P: 4
PxF1: 5
P1xP2: 1
P: 2
PxF1: 2
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Table 3 (Continued)
Robinson et al.
(1997)
Shutler at al. (1996)

Gossypium hirsutum

Plant

Endoparasite

Anas sp.

Vertebrate

Endoparasite

Cercidium sp.

Plant

Herbivore

Parachondrostoma
sp. and
Chondrostoma sp.
Sinularia sp.

Vertebrate

Endoparasite and
Ectoparasite

Invertebrate

Unknown

Ulmus minor

Plant

Fungus

Coffea sp.

Plant

Fungus

Tovar-Sanchez and
Oyama (2006a)

Quercus sp.

Plant

Herbivore

Tovar-Sanchez and
Oyama (2006b)
Whitham et al.
(1994)

Quercus sp.

Plant

Herbivore

Eucalyptus sp.

Plant

Herbivore

Whitham (1989)

Populus sp.

Plant

Herbivore

Wiley et al. (2009)

Ficedula sp.

Vertebrate

Endoparasite

Yang et al. (1999)

Pinus sp.

Plant

Fungus

Yang et al. (2015)

Arabidopsis thaliana

Plant

Bacteria

Quercus sp.

Plant

Herbivore

Zhan et al. (2017)

Brassicoraphanus
sp. and Brassica sp.

Plant

Endoparasite

Zhang et al. (2014)

Glycine max

Plant

Herbivore

Siemans et al.
(1994)
Simkova et al.
(2012)
Slattery et al. (2013)
Solla (2013)

Toniutti et al. (2017)

Yarnes et al. (2008)

P1xP2: 2
P: 3
P1xP2: 2
P: 3
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 14
P: 5
PxF1: 14
P1xP2: 2
P: 1
P1xP2: 1
P: 2
PxF1: 1
P1xP2: 1
P: 2
P1xP2: 1
P: 2
PxF1: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 1
P: 2
P1xP2: 14
P: 8
P1xP2: 1
P: 2
PxF1: 2
P1xP2: 1
P: 2
PxF1: 1
P1xP2: 1
P: 2
F1xF1: 1
F2xF2: 1
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Figure 7. Predicted patterns of parasite load/herbivory on hybrids relative to their parent taxa. Adapted
from Fritz et al. (1994). P1 = parent species 1, H = hybrid species, P2 = parent species 2.

57

340

680 1020

hybrid vs parent: Egger's test z = -11, p < 0.001 (k = 2139)

0

^
1 / var ( d )

a)

-50

0

50

Hedges' d^

288

576

864 1152

parent vs parent: Egger's test z = 25.6, p < 0.001 (k = 1443)

0

^
1 / var ( d )

b)

-20

0

20

40

60

^
Hedges' d

Figure 8. Publication bias assessments in meta-analysis of parasites/herbivores on hybrids and their
parent species. a) Funnel plot of publication bias among hybrid vs parent comparison effect sizes (k =
2139), and b) among parent species comparison effect sizes (k = 1443). These are extracted from 91
studies and includes Egger’s test for publication bias.
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2
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^
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Figure 9. Mixed-effect meta-analysis comparing differences in parasite/herbivory loads on host species
parsed by method of hybrid identification. Mixed methods of hybrid identification indicate studies in
which multiple methods to identify hybrids from parents (i.e. morphological differences initially used
then genetic testing to verify). Refer to Figure 10 for interpretation of tests.
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parasite load
^
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Figure 10. Overall results of mixed-effects meta-analyses on studies testing parasite/herbivore loads on
hybrids and their parent species parsed by different host species type comparisons. Bars on either side of
filled boxed represent 95% CI of pooled effect sizes. The number of effect sizes (k) included in each
group is indicated inside parentheses. Effect sizes with CIs that fall to the right of the dotted line (null
effect) indicate that hybrids had greater parasite/herbivory loads than parent species while effect sizes that
fall to the left of the dotted line indicate the opposite (parents had more parasites/herbivory than hybrids).
Comparisons of the same host species type (i.e. parent vs parent, introgressed vs introgressed, hybrid vs
hybrid, etc.) that do not cross the dotted line indicate that there was a significant difference in
parasite/herbivory on those species types. In these comparisons, the host species (i.e. parent species,
hybrid species) with the greater amount of parasitism/herbivory was always denoted at parent/hybrid 1.
Any CI’s that overlap the dotted line indicate no effect (no difference in parasite/herbivory loads between
host species). QB is a test for between group heterogeneity, τ2 is the between study variance, γ2 is the
variance associated with overrepresentation of effect sizes from single publication, and φ2 is the variance
due to repeated (non-independent effects) within studies. Finally, multicross hybrids = F2, F3, F4;
hybrids by hybrid crosses.
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Figure 11. Differences in parasite/herbivory loads in hybrids and parent species parsed by host species
type comparison and hybrid network types (i.e. interspecific, intraspecific). Interspecific comparisons =
parents are separate species; intraspecific comparisons = parents are different breeds or varieties of the
same species. Interspecific comparisons are shown as the black circles, while intraspecific comparisons
are shows as grey triangles. Refer to Figure 10 for interpretation of tests.

61

= 0.212
2

= 0.046 ,
2

= 50.64 , p < 0.001
B
2

Plant (10358)

= 0.107 ,

Q

Invertebrate (76)

2

parsed by host taxa

a
)

Vertebrate (1163)

-0.5

0.0

0.5

1.0

1.5

parasite load
^
Hedges' d ± 95% CI

b
)

Parasitoid (1)

bacteria (222)

= 0.212

Plant (30)

2

= 0.045 ,
2

= 49.48 , p < 0.001
Q

= 0.125 ,
2

B
9

parsed by parasite taxa

Unknown (15)

Mixed (32)

Fungi (2679)

Herbivore (6008)

Endoparasite (2079)

Ectoparasite (519)

Virus (12)

0

2

4

parasite load
^
Hedges' d ± 95% CI

Figure 12 Differences in parasite/herbivory loads in hybrids and parent species parsed by a) host species
taxonomy and b) parasite species taxonomy. One study (Slattery et al. 2013) did not define the parasite
species that infected the host species (Parasite species = Unknown). Mixed parasites indicates that
multiple types of parasites were documented. Refer to Figure 10 for interpretation of tests.
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Conclusion
A common theme of my thesis is that traditional views on asexuality, sex ratio, and hybridization may not
adequately predict the magnitude and direction of parasite-mediated selection. In Chapter One, although
sexually reproducing individuals were, on average, less parasitized than those that reproduced asexually,
the mode and origin of asexuality significantly impacted the magnitude of this difference. In Chapter
Two, female spider mites altered sex ratios to increase male frequency under challenging conditions; thus,
preserving some opportunities of genetic recombination to occur despite strong mortality of males on
toxic plants. Finally, in Chapter Three, I found that greater heterozygosity of hybrid hosts did not
positively impact parasite loads compared to homozygous parent species. Clearly, there is more at play
here than what is conventionally assumed by Red Queen predictions, and that researchers need to start
considering more biologically realistic scenarios for roles of genetic diversity in parasite-host interactions.
For example, many hybrid species occur within hybrid zones - which are typically
geographically intermediate to parental species (Buggs 2007). For example, Fremont cottonwoods grow
at lower elevations (approximately 1300-1500 meters), Narrowleaf cottonwoods grow at higher elevations
(approximately 1400-2300 meters), while their hybrids occur at intermediate elevations (Floate et al.
1993). This gradient of geographical locations results in host taxa experiencing different environmental
conditions (Buggs 2007). While hybrids may be located in areas or have traits that would make them
more susceptible to parasites or herbivores, they may also have additional traits to compensate for this
susceptibility (Levy and Levin 1974; Fritz et al. 2003). Further, it is not entirely accurate to assume that
the traits exhibited by a hybrid will be intermediate to the parents as there are numerous ways in which
traits may be inherited (Orians 2000; Wolinska et al. 2008). For instance, secondary metabolite
concentration can be expressed in a variety of ways among F1 hybrids (Orians 2000). In a study of
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flavonoid composition, Levy and Levin (1974) found that Phlox hybrids had chemical variants not
present among parental species. Conversely, Salix hybrids can have levels of phenolic glycosides and
condensed tannins intermediate to both parent species (Orians et al. 2000). Further, hybrid inheritance of
parental traits is complex, as seen among hybrids of crosses between the elm species Ulmus minor and
Ulmus pumila – which have greater prevalence of elm bark beetle herbivory than parent species but
greater annual growth (Solla et al. 2013). In contrast, other crosses between these species resulted in
greater herbivore resistance and lower growth rates than parents (Solla et al. 2013). Further, certain traits,
such as larger body size, may actually increase parasitism among hybrids (Shine 1989).
Another factor I was unable to address in my thesis is the complexity of ecological interactions
occurring in parasite-host systems. For example, hosts, are typically infected by diverse, often competing,
parasites (Seppala et al. 2009). There are some studies that do aim to consider this network of interactions
when measuring the impacts of host genetic diversity (Simkova et al. 2009). However, many others only
report single pair-wise interactions – ignoring effects due to competition or predations. Recently,
coinfections have been found to be incredibly important for parasite genetic diversity (Tollenaere et al.
2016).
Finally, sex ratios are key to population growth (Le Galliard et al. 2005). The number of males
and females in a population will directly influence the amount of offspring that are produced in each
generation (Le Galliard et al. 2005). Additionally, if a population sex ratio is too biased in either
direction, the effective population size may be negatively impacted. A small effective population size
ultimately will decrease the amount of genetic diversity of the offspring (Eberhart-Phillips et al. 2017).
Further, sex ratios can alter population dynamics (Eberhart-Phillips et al. 2017). For example, in T.
urticae mites, females are the dispersers and will generate colonies on new host plants (Wrensch and
Young 1983). Fewer females present in a population will result in less dispersion and colonization of host
plants. On the other hand, too few males in a population will mean that there will not be sufficient genetic
diversity in the offspring of the dispersing females (Wrensch 1979). Although an unmated foundress
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would be able to produce male offspring when she disperses to a new host plant, genetic diversity here
would be very low as all male would have the same genotype. Additionally, this would result in a mother
mating with her offspring in order to produce females (Macke et al. 2012). By controlling sex ratio, a
mother can prevent offspring mating, keep genetic diversity high, and allow for more rapid population
growth once she has dispersed to a new plant.
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Appendix A: Chapter One Supplementary Figures

364 studies identified
with 'Red Queen hypothesis'
search using WOS

425 studies identified with
'Red Queen AND parasit*'
search using WOS

606 studies after
duplicates removed

238 studies with title and
abstract screened

368 studies excluded:
models, reviews,
macroevolution studies

68 relevant studies after
full-text screened

170 full-texts excluded,
numerical comparisons
missing

668 effect sizes extracted
for meta-analysis belonging
to 299 independent groups

Figure A1. PRISMA flow diagram of what search terms were used in Chapter one to identify candidate
studies and attrition of candidate studies based on our exclusion criteria for meta-analysis.
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Figure A2. Bias assessments in our meta-analysis of parasitism of asexual and sexual hosts used in
Chapter one. Section a) contains funnel plots of publication bias with leftmost among all effects (k = 678)
extracted from 68 studies including Egger’s test for publication bias (see Egger et al. 1997) and rightmost
replotting the funnel large outlier weights (e.g., 1 / effect size variance > 30). Bottom most funnel plots
repeat publication bias tests but pool non-independent effects prior using a fixed effect meta-analysis to
overall random-effects meta-analysis. Section b) includes random-effects meta-analysis testing for effect
size conversion bias, and researcher bias. Interpretation of effects the same as in Figure 1 of main text.
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Figure A3. Differences parasite loads on sexual and asexual hosts parsed by host ploidy level. See
Figure 1 for interpretation of figures and details on mixed-effects meta-analyses.
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Figure A4. Differences parasite loads on sexual and asexual hosts parsed by different classes of host or
parasite taxa. See Figure 1 for interpretation of figures and details on mixed-effects meta-analyses.
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